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STRENGTH  OF  SCREW  PROPELLERS 


(Biskup,  B.  A.,  Terletskiy,  B.  M.,  Nikitin,  M.  N.,  Popov,  S.  I.; 
Prochnost1  prebnykh  vintov,  Pub!  ;i shing  House  "Sudostroyeniye", 
Leningrad,  l9t>3,  loo  pages j Russian) 

ABSTRACT 

The  book  is  an  attempt  to  systematize  problems  related  to 
substantiation  and  development  of  practical  methods  for  general 
strength  calculation  of  ship  propellers.  Two  approaches  are 
presented  for  determining  the  strength  characteristics  of  screw 
propellers:  the  first  is  based  on  taking  into  consideration 

static  loads  on  the  propeller  blade  only,  while  the  second  takes 
into  account  variable  (cyclic)  forces  acting  on  the  screw 
propeller.  The  discussion  of  the  calculation  method  based  on 
static  loads  (Chapter  I)  includes:  determining  the  constant 

component  of  hydrodynamic  loads  and  centrifugal  forces,  design 
calculations  of  the  geometrical  characteristics  of  the  blade 
and  of  its  separate  elements,  determining  the  maximum  stresses 
in  the  propeller  blade,  and  evaluating  the  strength  charac- 
teristics of  the  blade. 

Substantiation  is  given  for  evaluation  of  the  cyclic 
strength  of  a ship  propeller.  Design  calculation  diagrams  are 
suggested  for  determining  the  external  forces  acting  on  screw 
propeller  under  various  conditions  of  ship  operation.  A metnod 
is  discussed  for  determining  the  general  safety  factor  by  means 
of  individual  coefficients  taking  into  account  the  conditions 
of  manufacture  and  service  of  ship  propellers  (Chapter  II). 
Information  is  provided  on  experimental  studies  of  screw 
propeller  strength  under  laboratory  as  well  as  under  opera- 
tional conditions  (Chapter  III).  Problems  of  selection  and 
actual  strength  calculations  of  propeller  elements  with 
detachable  blades  are  discussed  in  detail.  Data  on  propeller 
design  with  optimum  strength  characteristics  and  dimensions 
tested  in  actual  service  of  such  propellers  are  given 
(Chapter  IV).  Information  on  materials  used  for  manufacturing 
ship  propellers  is  included,  particularly  those  characteristics 
which  are  directly  related  to  propeller  strength,  as  well  as 
the  requirements  for  such  materials  (Chapter  V).  75  figures, 

2 5 tables.  Bibliography  includes  h5  titles. 


♦lumbers  in  the  right  margin  indicate  pagination  in  the 
original  text. 
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Problems  of  ship  propeller  strength  attract  in  particular  the 
attention  of  shipbuilders  and  specialists  concerned  with  water 
■ transportation.  Current  trends  toward  increasing  the  capacity  of 

power  plants  and  ship  tonnage,  introducing  new  materials  for  ship 
propellers,  and  improving  their  manufacturing  technology  are  only 
' a few  areas  which  require,  in  one  way  or  another,  the  analysis  of 

strength  problems . 

L 

} The  present  state  of  the  art  as  well  as  current  research  in 

V this  field  are  not  sufficiently  reflected  in  the  technical  litera- 

ture. The  published  data  on  strength  studies  and  existing  methods 
of  strength  calculations  are  of  disconnected,  individual  character 
which  makes  their  practical  utilization  difficult.  This  fact 
determined  the  purpose  of  this  book.  The  authors  have  attempted 
' to  provide  practical  guidance  for  performing  strength  calculations 

of  ship  propellers  and  to  acquaint  engineering  and  technical 
personnel  concerned  with  propeller  strength  problems  with  the 
main  tasks  which  emerge  during  the  solution  of  these  problems. 

Considerable  attention  was  devoted  to  the  fatigue  or  cyclic 
strength  of  propeller  blades  operating  in  nonuniform,  velocity 
fields  behind  a moving  ship. 

Chapters  I-III  of  the  book  (with  the  exception  of  Section  11) 
were  written  by  B.  A.  Biskup  and  B.  M.  Terletskiy  jointly;  Chapter 
IV  and  Section  11  by  M.  N.  Nikitin  and  Chapter  V by  S.  I.  Popov. 

PREFACE  A 

Screw  propellers  are  the  most  commonly  used  ship  propelling 
devices.  They  possess  high  propulsive  properties  and  are  relatively 
simple  in  design.  These  factors  stimulated  development  of  scientific 
research  for  the  purpose  of  detailed  study  of  the  hydrodynamics  of 
propellers  and  improvement  of  their  operational  reliability. 

The  screw  propeller  belongs  to  that  category  of  a ship's 
mechanisms,  the  strength  of  which  affects  not  only  the  operational 
qualities  of  the  ship  but  also  the  safety  of  its  navigation. 


Usually  the  ship  propeller  operates  under  very  severe 
conditions : 
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external  forcer,  acting  on  the  propeller  blades  arc,  as  a rule, 
non-stationary  timewise; 

the  material  of  propeller  blades  is  subjected  to  the  action  of 
an  aggressive  medium  (sea  water)  and  as  a result,  the  blades  may  be 
subjected  to  electrochemical  corrosion  failure; 

characteristic  for  modern  ship  propellers  are  operational 
regimes  which,  because  of  hydrodynamic  loads,  may  be  accompanied 
by  cavitation. 

All  this  determines  the  character  of  propeller  damages 
encountered  in  practical  operation  of  seagoing  and  river  service 
ships. 


Figure  1 illustrates  the  damage  of  carbon  steel  propeller 
blades  caused  by  electrochemical  corrosion.  The  appearance  of 
this  type  of  damage  depends  entirely  on  the  material  of  the  blade 
and  its  ability  to  resist  the  damaging  action  of  electrochemical 
processes  which  take  place  in  the  water  medium  surrounding  the 
propeller. 

Figure  2 shows  typical  erosion-type  damages  caused  by  cavita- 
tion. The  intensity  of  their  development  depends  not  only  on  the 
ability  of  the  material  to  resist  hydraulic  impacts  in  cavitation, 
but  also  on  the  correct  design  of  the  propeller. 

Study  of  the  problems  of  cavitation  erosion  of  screw  propellers, 
which  are  also  important  in  the  task  of  increasing  propeller 
reliability  are  discussed  in  detail  in  special  literature  (6),  (28). 

Corrosion  and  erosion- type  damages  of  propellers  in  a number 
of  cases  contribute  to  bending  off  of  blade  edges  which  deteriorates  /5 
the  hydrodynamic  properties  of  the  propeller  and  at  a greater  extent 
of  such  damages  results  in  breakdown  of  the  blades. 

Figure  3 illustrates  damage  of  the  propeller  blade,  i.e., 
bending  of  its  leading  edge,  as  a result  of  insufficient  local 
strength  of  the  blade.  This  type  of  damage  is  characteristic  for 
wide-blade  propellers  with  a disk-area  ratio  of  0. 9-1.0.  At 
present  there  is  no  method  for  propeller  design  which  provides 
for  equal  strength  along  its  surface.  The  local  strength  of  the 
blade  is  provided  as  a rule  by  selecting  the  edge  thickness  based 
on  operational  experience  with  propellers  designed  earlier. 
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Fig.  1.  Electrochemical  corrosion  of  propeller  blades 


Fig.  2.  Erosion  of  propeller  blade 


Fig.  3.  Bending  of  propeller  blade  caused  by  the 
action  of  hydrodynamic  forces 


This  compelled  method  is  particularly  unreliable  if  the  parameters 
which  characterize  the  performance  of  a new  propeller  being  designed 
must  be  extrapolated,  e.g.,  when  transmitted  power  has  to  be  increased 
or  when  the  propeller  being  designed  must  operate  under  conditions  of 
higher  non- uniformity  of  incident  flow. 
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Fig.  1*.  Fatigue  failure  of  the  propeller  blade  of  a 
high  tonnage  tanker 


Propeller  damages  caused  by  insufficient  general  strength  of  /7 

blades  are  particularly  dangerous  and  may  create  a breakdown  situa- 
tion. Fracture  (breaking  off)  of  blades  occurs  as  a rule  in  the 
root  area  where  the  stresses  in  the  cross-sectional  areas  are 
highest  (Fig.  li).  Since  the  consequences  of  such  damages  are  very 
serious,  the  problems  of  providing  for  sufficient  strength  of  blades 
deserve  maximum  attention  of  researchers  and  designers.  At  the  same 
time,  it  is  possible  to  name  purely  technical  and  operational  economy 
factors  which  necessitate  general  strength  calculations  of  propellers 
being  designed  (15).  From  the  technical  point  of  view,  the  calcula- 
tion of  maximal  permissible  stresses  for  a given  material  under 
specific  conditions  of  operation  makes  it  possible  to  assume  the 
minimum  thicknesses  of  propeller  blades  and  in  this  way  to  improve 
the  hydrodynamic  efficiency  of  the  propeller  and  at  the  same  time 
to  decrease  the  probability  of  cavitation.  The  resulting  decrease 
of  weight  and  moment  of  gyration  decrease  the  load  on  the  stern 
bearing  and  often  makes  it  possible  to  avoid  operation  within  the 
rpm  zone  that  is  dangerous  in  respect  to  torsional  oscillations. 
Exploitation-economical  considerations  concern  increasing  the 
cruising  speed  of  the  ship  because  of  increase  of  propeller 
efficiency  and  saving  on  the  high  cost  of  difficult  to  obtain 
materials  (bronze,  brass,  stainless  steel). 

The  load  acting  on  a ship  propeller  is  created  by  hydrodynamic 
and  inertia  (centrifugal)  forces. 
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The  hydrodynamic  load  noting  on  propeller  blades  usually  is  of 
cyclic  character  and,  more  accurately,  it  has  a constant  and  variable 
components.  This  cyclic  character  of  the  load  is  explained  by  the 
fact  that  ship  propellers  operate  in  a non-uniform  velocity  field 
along  the  circumference  of  the  propeller  disk,  which  is  caused  by 
the  hydrodynamic  effect  of  the  ship’s  hull  and  projecting  stern 
parts.  Under  such  conditions,  the  angle  of  incidence  of  propeller 
blades  changes  periodically  during  propeller  rotation  and  as  a 
result,  the  corresponding  hydrodynamic  forces  also  change. 

The  load  values  at  certain  moments  of  time  may  differ 
considerably  from  the  average  values  within  a time  span  of  one 
revolution  of  the  propeller.  Calculations  and  experiments  indicate 
that  the  amplitude  of  the  variable  component  of  hydrodynamic  load 
may  in  some  cases  reach  50%  of  the  average  full  load  value. 

Naturally,  the  average  and  instantaneous  values  of  stresses  in 

the  blade  will  be  in  the  same  ratio.  As  an  example.  Figure  5 /8 

illustrates  the  dependence  of  normal  stresses  in  the  root  section 

of  the  propeller  blade  of  a high  tonnage  tanker  on  the  angle  of 

propeller  rotation.  The  graph  for  this  dependence  v;as  plotted 

using  data  obtained  by  measuring  the  relative  linear  deformations 

of  the  actual  propeller  under  regular  operational  conditions. 


o,  kg/cm^ 


Fig.  5.  Change  of  stresses  at  a certain  point  of  the  root 
cross  section  of  the  propeller  blade  depending  on 
the  angle  of  propeller  shaft  rotation 

In  a general  case,  the  hydrodynamic  load  acting  on  the  blade  may 
be  presented  analytically  by  Fourier  series  in  which  tne  angular 
coordinate  of  the  blade  in  the  disk  of  propeller  <1  is  used  as  the 
argument,  i.e.,  the  thrust  of  the  blade 

f'i  I 1 lh„„  nismO-l-  P,.„sinmO);  /i) 

m i ' * 

Torsional  moment 

A),  At,,  l I (Af,„, c'<n//iO  I Af„„sin wO),  (2) 
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where  PQ,  M0  - average  values  of  the  force  and  torsional 

moment  of  the  blade  (constant  components 
of  the  load)  within  one  revolution  of  the 
propeller; 

P j P ; M ; M - components  of  the  load  varying  according 
ms  to  harmonic  law  stipulated  by  operation 

of  the  propeller  in  a non-uniform  velocity 
field  behind  the  ship's  hull. 

Historically  evaluation  of  blade  strength  was  carried  out 
assuming  that  external  forces  acting  on  the  blade  were  of  statical 
character,  i.e.,  in  equations  (1)  and  (2)  only  constant  components 
Pc  and  were  taken  into  consideration.  Practically  all  engineer- 
ing calculation  methods  up  to  the  present  time  (discussed  in 
Chapter  I)  are  based  on  this  assumption.  All  these  methods  may  be 
combined  into  one  group  of  evaluating  screw  propeller  strength  by 
taking  into  account  static  loads  acting  on  the  blade.  The  fact 
that  the  maximum  values  of  the  actual  (full)  load  on  the  blade 
may  considerably  exceed  its  average  values  is  taken  into  considera- 
tion by  introducing  a corresponding  safety  coefficient.  This 
coefficient  is  selected  based  on  past  experience  with  operation 
of  ship  propellers. 

Apparently  a more  accurate  method  of  evaluating  propeller 
strength  would  be  one  in  which  the  cyclic  character  of  acting 
forces  would  be  taken  into  account  in  determining  external  forces. 

This  is  particularly  important  for  the  high  tonnage,  mainly  single- 
shaft transport  shift  in  which  the  propeller  operates  under  condi- 
tions of  particular  non- uniformity  of  the  velocity  field. 

These  circumstances  caused  the  development  of  a method  of 
calculation  (Chapter  II)  of  the  cyclic  strength,  the  need  for 
which  is  demonstrated  by  the  fatigue-type  failure  of  propellers  /9 

often  observed  in  practice  (see  Fig.  L),  which  is  caused  by  the 
cyclic  action  of  hydrodynamic  forces. 

Requirements  which  have  to  be  met  by  ship  propellers  to  provide 
for  their  sufficient  operational  strength  play  an  important  role. 

These  concern  factors  related  to  the  manufacturing  technology  and 
repair  of  propellers,  and  to  the  mechanical  properties  of  materials 
of  which  propellers  are  made*.  Among  the  most  important  are 


♦Mechanical  properties  of  materials  which  have  to  meet  necessary 
requirements  are  determined  with  sufficient  reliability  and  stability 
by  testing  specimens  under  conditions  approaching  those  in  actual 
operation  of  propellers. 
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perfection  of  casting  technology,  uniform  cooling  of  castings,  and 
measures  for  stress  relieving  after  elimination  of  blade  casting 
defects  by  means  of  welding. 

All  these  factors  affecting  the  strength  of  ship  propellers  are 
taken  into  account  during  calculations  by  means  of  a safety  coeffi- 
cient, the  selection  of  which  is  substantiated  in  Section  9. 

The  complex  character  of  the  state  of  stress  in  propeller 
blades  (particularly  of  wide  blades)  and  the  difficulties  in 
analytical  studies  of  stresses  with  consideration  of  propeller 
geometry,  stipulated  at  present  the  development  of  experimental 
methods  of  studying  stresses  and  deformations  of  propeller  blades. 

Studies  of  the  state  of  stress  in  blades  are  carried  out  either 
using  models  of  propellers  or  actual  propellers.  Special  features 
of  such  studies  and  some  results  obtained  are  discussed  in 
Chapter  III. 

In  addition  to  solid  cast  propellers,  propellers  with  variable 
pitch  (VPP),  water- jet  propellers,  and  propellers  with  detachable 
blades  have  found  wide  use.  Although  the  principal  approach  to 
their  strength  evaluation  is  the  same,  individual  design  features 
of  all  these  types  of  propellers  require  solution  of  some  special 
questions  which  concern  first  of  all  methods  of  determining  forces 
and  calculating  of  stresses  in  parts  used  for  fastening  blades  and 
the  mechanism  of  propeller  drive  (propellers  with  detachable  blades 
and  VPP).  At  the  same  time,  because  propellers  with  detachable 
blades  are  used  on  ships  for  navigation  through  ice,  the  necessity 
arises  to  evaluate  external  forces  in  the  case  of  impact  of 
propeller  blades  against  floating  ice.  For  the  VPP,  these 
problems  are  relatively  fully  discussed  in  special  literature  (2), 

(29).  For  control  evaluation  of  the  rotor  blades  in  the  design  of 
water-jet  propellers,  the  methodology  discussed  in  (23)  is  used. 

Published  data  on  propellers  with  detachable  blades  are  incomplete 
and  are  of  disconnected  character.  This  was  the  reason  for  includ- 
ing in  this  book  information  characterizing  special  features  of 
design  calculation  methods  for  strength  evaluation  of  propellers 
with  detachable  blades,  including  those  for  operation  in  ice 
(Chapter  II,  Section  11,  and  Chapter  IV),  /10 
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Chapter  V contains  information  on  materials  used  for  screw  j 

propellers,  the  rational  selection  of  which  determines  the  ] 

reliability  of  these  propellers  in  operation.  Requirements 
which  have  to  be  net  by  such  materials  are  very  strict: 
resistance  against  corrosive  action  of  aggressive  medium, 
ability  to  resist  hydraulic  impacts  in  cavitation,  and 
necessity  of  high  fatigue  limit  in  the  presence  of  corrosion 
and  cavitation  erosion  seats.  Therefore,  particular  attention 
has  always  been  devoted  to  the  improvement  of  materials  for 
propellers.  New  materials  which  combine  high  mechanical 
properties  with  other  properties  which  meet  specific  requirements 
for  such  propeller  materials  have  found  wide  use.  The  composi- 
tion and  mechanical  properties  of  these  materials  are  also 
included  in  this  book.  I 


* 
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EVALUATION  OF  ECFi.L'  1KOPKLLEU  STRENGTH 
DY  CONSIDERING  STATIC  LOADS 


Before  starting  calculation  of  propeller  strength,  the  external 
forces  acting  on  the  propeller  should  he  determin'd. 

Evaluation  of  the  general  strength  of  a sere.;  propeller  as  a 
i*ule  is  carried  out  for  normal  operating  conditions  without  taking 
into  account  emergency  situations  (touching  the  ground  when  ship 
accidentally  runs  aground,  impact  against  large  objects  which  cone 
under  the  revolving  propeller,  etc.). 

In  calculation  of  propeller  strength  by  static  loads,  it  is 
assumed  that  under  normal  conditions  of  operation  the  external 
load  on  the  propeller  is  created  by  a constant  component  of 
hydrodynamic  forcer;  (see  (1)  and  (2))  and  by  centrifugal  forces 
of  inertia  of  its  blades. 


Section  1.  Hydrodynamic  Forces  Which  Are  Taken  Into  Account. 

in  Strength  Calculations  of  a Snip  Propeller 
Based  on  Stout c Loads 

Hydrodynamic  pressures  are  distributed  in  radial  direction  and 
in  the  direction  along  the  elements  of  the  propeller  blade.  Hydro- 
dynamic  forces  (which  are  the  product  of  pressure  integration  along 
the  chord  of  the  elements)  create  in  the  cross  sections  of  the  blade 
and  on  its  surface  a system  of  normal  and  tangential  stresses. 


Distribution  of  pressures  along  the  suction  and  forcing  sides 
of  the  element  which  is  formed  by  the  intersection  of  the  blade  with 
the  cylinder  coaxial  with  the  propeller,  as  was  determined  by 
M.  A.  Kavlyudov  in  his  experiments  with  models  of  propellers,  is 
illustrated  in  Figure  6.  In  this  figure,  the  dimensionless  pressure 
coefficient  is  plotted  on  the  ordinate  axis: 


y |'  r < 


where  p - PQ  - 

excessive  pressure  at  the  point  of  the  blade 
element  being  considered; 

V - 

P 

velocity  of  translation  movement  of  the 
propeller; 

R - 

radius  of  the  propeller; 

n - 

frequency  of  propeller  rotation; 

P " 

density  of  the  medium, 

while  on  the  abscissa  is  a chord  of  the  blade  element. 
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Fig.  6.  Distribution  of  pressure  coefficient  p along  the 


cylindrical  cross  section  of  the  blade  on  the 
relative  radius  r0  *»  0.8  with  the  various  advance- 
diameter  ratio  ft. 

^ i 

Evidently,  at  a given  magnitude  of  hydrodynamic  force  emerging 
on  the  blade  element,  variation  of  the  distribution  of  forces  along 
the  chord  influences  only  the  magnitude  of  the  hydrodynamic  moment 
in  respect  to  a straight  line,  which  is  parallel  to  the  blade  axis. 

This  moment  is  balanced  by  a system  of  tangential  stresses.  It  was 
determined  that  the  normal  stresses  which  depend  on  the  resultant 
force  of  total  pressure,  are  higher  in  their  magnitude  as  compared 
to  tangential  stresses.  Therefore,  in  strength  calculations  only  /13 

the  distribution  of  hydrodynamic  pressures  in  radial  direction  is 
taken  into  account. 
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Projection  of  the  result;mt  of  pressures  on  the  direction  of 
ship  motion  represents  the  over ope  value  of  the  blade  force  within 
one  revolution  of  the  propeller,  while  the  projection  on  the  direc- 
tion of  propeller  rotation  represents  the  tangential  force  which 
creates  a corresponding  torsional  moment. 


Fig.  7.  Diagram  of  velocities  and  hydrodynamic  forces  acting 
on  the  elements  of  a propeller  blade  in  a uniform 
incident  flow 

To  determine  hydrodynamic  forces  in  radial  direction  we  analyse 
the  diagram  of  velocity  and  hydrodynamic  forces  generated  at  the 
element  of  a propeller  blade  with  the  relative  radius 

r 


(Fig.  7).  It  is  assumed  that  the  incident  flow  is  stationary  in 
respect  to  time.  The  OX  axis  coincides  with  the  axis  of  propeller 
rotation,  and  the  plane  passing  through  the  OY  axis  is  perpendicular 
to  the  plane  of  the  drawing  and  is  the  plane  of  rotation.  In  the 
relative  coordinate  system  connected  with  the  blade,  the  parameters 
of  the  external  incident  flow  are  determined  by  the  velocity  of 
element  rotation  Sir  (SI  » 2JCn  - angular  speed  of  propeller  rota- 
tion) and  the  speed  of  forward  motion  of  the  propeller  Vp.  There- 
fore, the  direction  of  the  resultant  velocity  of  external  flow  VJ 
ahead  of  the  propeller,  forms  with  the  rotation  plane  the  angle  of 
advance,  which  may  be  expressed  through  a relative  advance  of  the 
propeller 

- propeller  diameter)  /lb 


1? 


and  the  relative  radius  r of  the  position  of  Wade  elements  along  its 
length, 

'll'  (3) 

At  a considerable  distance  behind  the  propeller,  the  velocity 

of  flow  YJ  to  will  be  different  as  compared  with  its  initial  values  W 

because  of  the  appearance*  of  induced  velocity  co  » (o,  + co.) 

n d.  x* 

where  Cj  and  o,  are  axial  and  tangential  components  of  induced 

ci  V 

velocity,  respectively. 

It  was  theoretically  determined  that  in  the  plane  of  a propeller 
disk,  the  induced  velocity  equals  5 0 % of  its  complete  value.  Hence, 
at  the  area  of  the  blade  element  under  discussion,  the  velocity  of 
incident  flow  is  determined  by  a vector  VJ. , which  forms  with  the 

rotation  plane  angle  p^. 

At  the  element  of  the  blade,  a lifting  force  dA  emerges  which 
is  perpendicualr  to  the  velocity  vector  W^,  and  the  force  of  profile 
resistance  dR  directed  along  velocity  vector  U^. 

The  thrust  and  tangential  force  (see  Fig.  7)  created  by  the 
blade  element  may  be  found  from  the  equations 

,ll\  i/.'l  cm  p,  ( 1 - f b!  |\);  ) 
ill',  <M  sin  ['•, ( I j rclgP,Y.  I 
dR 

where  £ « •—  - coefficient  of  the  reverse  quality  of  the  blade 
elements. 

Assuming  that  the  element  is  an  ideal  fluid  when  6 **  0,  we 
obtain 

.in  \ 

(5) 


(1<) 


,U'u 

'IP, 

dA  cos  p,-; 

1 - Hi:  it  " 

<IT,  _ _ 

- dA  sin  p. 

1 r Ctrl’., 

The  lifting  force  of  the  element  we  determine  by  the  Zhukovski 
f ormula 

iM  !>ru',-if/\ 

where  p - density  of  the  liquid; 

r - circulation  of  velocity  around  the  blade  element. 
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Let  us  assume  that  the  elements  of  the  screw  propeller  at  a 
given  condition  of  operation  are  selected  in  such  a way  that  its 
performance  is  characterized  by  minimal  inductive  losses.  Let  us 
note  that  the  assumption  made  is  an  initial  condition  for  the 
design  of  ship  propellers  with  maximal  efficiency. 

In  a propeller  with  minimum  inductive  losses  (screw  propeller 
of  optimum  design),  the  inductive  efficiency  of  any  element  of  the 
blade  is  equal  to  the  inductive  efficiency  of  the  entire  propeller 

(3) j i.e.. 


or,  according  to  Fig.  7, 


from  this  equation 


WA 

2 


(7) 


But  by  examining  triangles  ABD  and  BCD  it  follows  that 


AS 


*»  ^ _ ml',.  _ (8) 

2 2 ' 1 -j- it?  ft 

Circulation  around  the  element  of  the  blade  for  an  optimum 
propeller  may  be  determined  by  equation 

f -^2jinc,*,  * (9) 

where  k - correction  of  Goldstein-Prandtl,  which  takes  into  considera- 
tion the  effect  of  the  finite  number  of  propeller  blades  on 
the  amount  of  total  circulation  at  a given  radius; 


Z - number  of  propeller  blades. 


Substituting  equations  (6),  (7),  (8),  (9)  into  (S)  and  by 
conversion  into  dimensionless  form  of  presenting  the  thrust 


and  tangential  force 


IflKr), 


jr, 

p n*D* 


created  by  the  blade  element,  we  obtain: 


IU 


i 

/. 


nV/.-/' (i,,t  tRfi). 


ji-V’A-/-'  (n„  it:P) ,|:|S  - 
* *1, 


1 1'.  \ 

>i,  \ <i<  jr 


where 

/■(>!,.  teP)-  = M,(»  ,I'"  ;’>u\ ''  • 

(>i;  i ‘i:  l 

The  values  of  function  F were  calculated  earlier  and  are  given 
in  Figure  8 depending  on  the  tangent  of  the  relative  advance  angle 
|3  of  the  element  (see  (3))  and  induced  efficiency 


Fig.  8.  Graph  for  the  dependence  of  function  F on  the  angle  of 
relative  advance  (advnnee-dinmeter  ratio)  Ji  of  induced 
efficiency  of  propeller  . 


m 


In  order  to  approximately  take  into  account  profile  resistance, 
it  is  expedient  to  present  equations  (10)  in  the  form: 


(ID 

(12) 


where  - efficiency  of  propeller  at  a given  operation  regime. 
From  the  second  equation  it  is  also  possible  to  obtain: 

|rf/C2  \ (dK,  . ' (i3) 

\ <*'  .1,  2;i.lp  [ dr  I, 


where 


dK„ 


dr 


coefficient  of  torsional  moment  of  the  blade  element. 


At  a given  value  of  the  advance-to-diameter  ratio  71  and 
coefficient  of  propeller  load  according  to  the  thrust  ^ 


equations  (11 ) - (13)  make  it  possible  to  calculate  the  distribution 
of  hydrodynamic  forces  along  the  radius  of  the  propeller  in  a uniform 
incident  flow  or,  with  some  approximation,  the  distribution  of  the 
constant  component  of  the  hvdt'odynamic  forces  acting  on  the  propeller 
in  a non-uniform  velocity  field. 


Table  1 . Calculation  of  the  Distribution  of  Hydrodynamic  Forces 

Along  the  KaQ.ius  of  a Propeller 


Calculation  Formulae 

7 | 

0.4 

n.r» 

0.0 

0.7 

0.8 

0.9 

•e  P - -Xp 

nr 

P.497 

0.373 

0.29* 

0.219 

0.213 

O.IW 

0.1G0 

f ■"/(*/.  itp)  (see  Fip.8) 

o.n.'S 

0.0790 

O.P37u 

n.oir. 

o.lll/t 

0,(0/) 

0.O7I3 

*'f  '».)“)  (see  Fip. 10 

O.MK* 

0.973 

0.973 

O.'k.J 

0.910 

0.717 

1 . dK-'-. 

2 dr  Z 

0.0227 

0,0374 

0.0'>. 

0.&.72 

0.0794 

O.OSSJ 

0.9N&A 

l.-j.-  ,.w  lie . ± . «•. 

Z dr  t\|  Z dr 

o.oito 

o.o??.1* 

0.WM 

0.0170 

0.0273 

O.O.Svl 

0.0129 
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In  such  a case-  for  finding;  induced  efficiency,  the  Kramer's 
diagram  is  used,  vhich  is  well  known  (Fig.  9),  and  the  correction 
of  Goldstoin-Prandtl  is  determined  by  graphs  in  Fig.  10. 

An  example  of  the  calculation  of  hydrodynamic  forces  distribu- 
tion along  a propeller  radius  is  given  in  Table  1.  The  following 
initial  data  were  given: 


Advance- to-diameter  ratio 

> .‘V 

" ni> 

. 0,408 

Coefficient  of  thrust 

/> 

A,  - - . . 

I'll'/)' 

. . o.isr. 

Number  of  blades  in  propeller 

7.  ....  4. 

Fig.  9.  Kramer's  diagram  for  determining  the  induced 
efficiency  of  a ship  propeller 
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\5  7,3  J,3  «,3 


0,7 


1,5  2,5  J,5  \5  5,5  l/Ai  °'1 


— 1 — L.~l - 

3,3  f/X-£ 


Fig.  10.  Goldstein-Prandtl  correction  for  propellers  with 
numbers  of  blades  7,  a 3,  h,  5,  6 


and  also  the  following  auxiliary  values  were  determined: 


v— -A’'  r-2,2. 


0.9S:t>.J 


'll 


/(Z,  -V , or/)  0.65  (see  Fig. 9) 


1 "i-  - 4,36. 


h >r 

Calculation  results  are  shown  in  the  graph  in  Figure  11. 


"fWTTffl” 

. --  ' "V.- - ■■  -'-'HI 


j*' . r 


7 =4 

'ITT 


'•Jht4: 


’•'r^CTdT 
w J-^f-'F  r-T 
^TT-ri^fT' 

«> 

P'5  ^ . T- 


* rrrnnA, 


i,nrpq:xflq 

!--. 


WRTffl 
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»,5  ;,5  J,5  «, 5 5,5  f//lj  f,5  2,5  J,5  4,5  5,5  j/*£ 

Fig.  10.  Goldstein-Frandtl  correction  for  propellers  with 
numbers  of  blades  Z **  3,  ii,  5>,  6 

and  also  the  following  auxiliary  values  were  determined: 

- 9 o 

o„,  - r •--  AA 


■I,  /(*.  ^.0rlj  0,05  (see  Fig.?) 

'.,^  4,30. 

X( 

Calculation  results  are  shown  in  the  graph  in  Figure  11. 
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Fig.  11.  Distribution  of  hydrodynamic  forces  along  the 
radius  of  a propeller 


Taking  into  consideration  that  the  strength  calculations  of 
marine  propellers  do  not.  require  high  accuracy  in  determining 
external  loads,  it  is  expedient  to  simplify  the  discussed  method 
of  determining  hydrodynamic  forces  acting  on  the  blade. 

Calculations  demonstrated  that  within  the  discussed  operational 
regimes  of  propellers  and  variations  of  their  geometrical  elements, 
there  were  no  significant  differences  observed  in  the  character  of 
distribution  of  hydrodynamic  forces  along  the  radius.  This  makes  it 
possible,  instead  of  performing  calculations  for  each  individual 
propeller,  to  establish  some  general  equations  which,  without 
essential  error,  approximate  the  law  governing  changes  of  hydro- 
dynamic  load. 

In  particular,  in  calculating  the  general  strength  of  propeller 
blades,  the  distribution  of  hydrodynamic  force  along  the  radius  is 
approximated  by  an  analytical  dependence  of  the  following  type: 

U rr"‘  (lb) 

where  c - constant  coef f ici ent; 

m,  n and  p - parameters  which  are  determined  under  condition 
that  equation  (ill)  in  the  best  way  reflects 
distribution  of  thrust  along  the  propeller 
radius. 

Systematic  calculations  indicate  that  for  propellers  with 
number  of  blades  Z ■ b and  5,  for  sea-going  transport  and  industrial 
ships  the  following  values  of  parameters  may  be  assumed: 

m-2,  n«l,  p**tj. 
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Substituting  those  values  in  equation  (ll:),  we  obtain  an 
analytical  expression  which  characterizes  the  distribution  of 
hydrodynamic  force  along  the  radius  of  a propeller. 


2 

z 


dK, 

di 


\ 


(15) 


/?1 


Equation  (15)  is  used  in  deriving  formulae  for  calculation  of 
stresses  in  the  cross  sections  of  blades. 


Section  2.  Centrifugal  Forces  of  Inertia 

In  addition  to  hydrodynamic  forces,  the  propeller  blade  is 
subjected  to  the  action  of  centrifugal  forces  of  inertia. 

On  each  element  of  the  blade  mass  dm  (Fig.  12)  which  is  located 
at  a distance  r from  t.ne  axis  of  propeller  rotation,  the  centrifugal 
force  acting  in  radial  direction  is: 

dP  — dmiX'r.  (16) 

Let  us  analyze  a cross  section  of  the  blade  A-A  which  is 
perpendicular  to  the  axis  y and  is  located  at  a distance  r^  *=■  yc 
(r^<  r)  from  the  axis  of  propeller  rotation. 

For  the  center  of  gravity  of  the  considered  cross  section 
C(xc,  zc),  by  piojecting  it  on  the  coordinate  axes  x,  y,  z,  we 
obtain: 


dP , 0; 

dPu  --  Q-t/dm; 
dP,  ■■  -■  iVidnv, 

dMt  ---  dP,  (,j-  !U)  -dPy(z  - /c)  - - _ U-  (zyc-,,*t)  dm. 
dM„r  dPx(z- -?c)  dPj  (x~xc)  =-•  — &z(x—xt)dm; 
dM,;-dPll{x-  xt)-dP,(,,-yc)  --Q*y(x—X')dm. 


(17) 


Generally  speaking,  relationships  (17)  hold  for  the  body  of  any 
form  which  is  rotating  about  x axis.  The  special  geometrical  shape 
of  propeller  blades  makes  it  possible,  without  considerable  loss  of 
calculation  accuracy,  to  considerably  simplify  the  calculation 
formulae  by  separating  principal  factors  from  minor  factors. 


I 
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A propeller  blade  is  a cantilever  wing  of  a finite  span.  The 
resultant  force  of  all  centrifugal  forces  of  inertia  acting  on  the 
blade  is  at  a distance  from  the  blade  root,  and  the  greatest  part  of 
these  forces  nets  in  the  plane  which  is  close  to  the  plane  of  mini- 
mum rigidity.  The  maximum  stresses  in  the  blade  cross  sections  are 
normal  stresses  apnearing  as  the  result  of  the  action  of  tension 
forces  and  bending  moments,  which  makes  it  possible  to  limit 
consideration  of  loads  to  those  causing  only  normal  stresses,  as 
was  the  case  with  hydrodynamic  forces.  In  equation  (1?)  such  a 


load  is  centrifugal  force  dPv  and  bending  moment! 


and  dK, 


After  integration  within  the  limits  r^r^R,  we  obtain: 

W- 

At, 

A1,  c- - j/.’c)  <i"f. . 


M,  11- \ !/(x—xc)<lm. 
Ai  .• 


ii  \| 

/TIT 


\i  / 1* 


Fig.  12.  Diagram  for  determining  centrifugal  forces  in  the 
blades  of  a screw  propeller 
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It  should  be  noted  that  the  moments  M*  and  Mz  for  blades  which 
do  not  have  rake  in  respect  to  the  stern  ('{'-•  G,  see  hit;.]?)  arc- 
very  small,  by  analyzing  equations  (10),  we  can  see  that  coordinates 
y(yc)  are  always  positi  ve,  whi  le  coordinates  7,(  xc ) and  x(xc)  are 
positive  only  for  tin;  part  of  the  blade  between  its  leading  edge  and 
the  Gy  axis.  Therefore,  the  moments  Mz  and  H7.  for  the  whole  blade  /?'; 

will  be  determined  by  the  difference  of  similar  values  and  will  be 
therefore  small. 

When  the  bind*-  has  a rake  in  respect  to  the  x axis,  the 
coordinates  x(xc)  will  not  change  their  sign  in  integration  of  the 
expression  for  Mz  which,  as  a 1 esult,  leads  to  the  relative  increase 
of  this  moment  and  to  the  necessity  of  taking  it  into  account  during 
evaluation  of  the  effect  of  centrifugal  forces. 

Hence,  of  the  components  of  the  load  shown  in  equations  (17) 
which  is  caused  by  the  action  of  centrifugal  forces  of  inertia,  the 
most  important  are  the  force  Pv  for  blades  without  a rake,  and  the 
force  Py  and  bending  moment  K2"  for  blades  with  a rake  in  the  direc- 
tion of  the  X axis. 

To  determine  the  centrifugal  force  and  the  bending  moment 
caused  by  it,  the  approximate  formulae  are  used  in  calculation  of 
blade  strength. 

Assuming  that  the  flat  cross  section  of  the  blade  A-A  (see 
Fig. 12)  is  rightful  to  the  unfolded  onto  the  plane  cylindrical  cross 
section,  from  the  general  equation  (18)  we  obtain: 

Pt‘"/V"|wV  f Fn[r'  (19) 

where  F - area  of  unfolded  on  the  plane  cylindrical  cross  section  of 
the  blade;  diagram  for  determining  area  F is  given  in 
section  3 below; 

r^  - radial  coordinate  of  the  cross  section  being  considered. 

Equation  (19)  is  used  in  cases  when  during  calculation  it  is 
necessary  to  find  the  distribution  of  centrifugal  forces  of  inertia 
along  the  radius  of  the  propeller.  When  caicuDation  is  performed 
for  one  crocs  section  near  the  root  of  the  blade  (ri  « C.2),  a 
simplified  formula  may  be  recommended: 


where-  G - weight  of  the  propeller  blade; 


rCQ  - radial  coordinate  of  the  center  of  gravity  of  the  blade. 
It  is  assumed  that  rco«O.JiV  K. 

Tno  weigh t of  the  blade  way  be  determined  by  the  formula  wiiich 
ensue:;  from  the  well-known  empirical  fo; mu  la  of  V.  V.  Kopeyetakiy 
for  the  weight  of  the  complete  propeller  (16): 

0 » 2-ll»,(«,.7l  A)/  ],  (?1) 

where  V - specific  gravity  of  the  propeller  material,  kg/m^; 

d - diameter  of  the  hub,  m; 

D - diameter  of  propeller,  mj 

b - width  of  the  straightened  blade  contour  at  the  relative 
radius  r *=  0.6,  n:j 

e - m-ximal  thickness  of  the  blade  at  the  same  radius,  m. 

More  accurate  methods  of  determining,  the  weight  of  the  blade 
and  the  coordinates  of  its  center  of  gravity  are  discussed  in 
Section  3 below. 

The  bonding  moment  resulting  from  the  action  of  centrifugal 
forces  is  found  with  the  help  of  the  approximate  formula  which  is 
deduced  from  equation  (1.8): 

Alc  M,  J /'r(r  — r,)dr.  (2?) 

2 ri 

When  calculation  is  carried  out  for  the  cross  section  in  the 
area  of  the  blade  root,  the  moment  Mc  may  be  found  by  the  follov/ing 
equation : 

Al«*0.7Ptrrttt!<r.  (23) 
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Section  3.  Geometrical  Characl eristics  of  the  Cross-Sectional 
Elements  o:'  a ?rc;v.l!. cr  blade 

In  strength  calculations  of  a ship  propeller,  the  following 
geomot ri col  characteristics  of  its  cross  section  are  used:  area, 

coordinates  of  the  center  of  gravity,  and  moments  of  inerti&j  in 
addition,  for  the  part  of  the  blade  '.located  behind  the  cross 
section  being  considered,  the  volume  and  coordinates  of  its 
center  of  gravity  are  used. 

The  basis  for  the  profile  of  the  straightened  cylindrical 
cross  section  of  the  blade  is  the  profile's  chord  (Fig.  13). 


Fig.  13.  Geometries!  characteristics  of  a blade  cross  section 

In  relation  to  the  chord,  the  median  of  the  profile  is  plotted  with 
the  ordinates  e0.  The  curvature  of  this  line  is  determined  as  a 
result  of  hydrodynamic  calculation  of  the  propeller.  In  most  cases 
the  maximum  ordinate  (e0  max)  is  located  in  the  middle  of  the  chord 
b.  At  both  sides  of  the  median  the  halves  of  the  ordinate  values 
of  the  standard  aerodynamic  or  segmental  profile  are  plotted.  By 

superposing  the  origin  of  auxiliary  coordinate  system  0,  k>  , 

with  the  leading  edge  of  the  chord  and  by  introducing  dimensionless  /2$ 

values : 


where  e - current  value  of  the  profile  thickness; 

e - maximum  thickness; 
max 

b - length  of  the  profile  chord, 

we  obtain  the  following  formulae  for  calculating  the  area  and 
coordinates  of  the  center  of  gravity  of  the  cross  suction: 


j 


2h 


F |>4; 

(?k) 

6 

t _ e„,h'  ' - 

flu  - - | C u/p 

f b 

(25) 

rb 

'Ii„  .1 

' 0 

(26) 

Calculation  of  the  geometrical  characteristics  of  the  blade 
cross  section  using  equations  (2ij)  - (26)  is  performed  by  the 
methods  of  approximate  numerical  integration,  i.e.,  by  methods 
of  triangles,  trapezoids,  and  parabolas  (Simpson's).  For  this 
purpose,  the  cross  section  is  divided  into  separate  small  areas 
by  ordinates  drawn  at  equal  distance.  It  is  expedient  to 
calculate  the  moments  of  inertia  of  the  cross  section  as  a sum 
of  moments  of  inertia  of  small  areas.  For  example,  the  moment 
of  inertia  about  axis  Oi  £1  is: 

V i;  h,  i-  v uV',, 

i i i t 

where  I ^ j - moment  of  inertia  of  the  small  area  about  its  own 
central  axis  which  is  parallel  to  0-j  £ .j  axis; 

,v\t.  - ordinate  of  the  center  of  gravity  of  this  area; 

\J 

Fj  - area  of  this  amall  area; 
k - number  of  small  areas. 

To  simplify  calculations,  it  is  advisable  to  replace  these 
small  areas  by  rectangles  as  shown  in  Fig.  13. 

In  this  case: 


n 2 

2 r b V | 

" ~i\ 

I ' 
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(27) 


where  n - number  of  sections  into  which  the  chord  is  divided  for 
calculation  of  area  and  coordinates  of  the  center  of 
gravity  by  equations  (2k)  - (26). 


Equation  (27)  holds  if  n is  an  even  number.  It  is  recommended 
to  have  n * 20. 


/26 
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The  moment  of  inertia  of  the  cross  section  in  respect  to  Ovt\j 
axis  is  found  in  a similar  way.  The  formula  used  for  calculation 
is : 

» ;* 

''  'r'-w-'A'*'-'’  U8) 

i 1 

If  coordin  t.es  of  the  center  of  gravity  and  moments  of  inertia 
of  cross  sections  in  respect  to  0-j  £,  ^ and  0-j  t^i  arc  known,  the  moments 
of  inertia  in  respect  to  central  axes  Of,  and  Or,,  which  arc  parallel 
to  Gi  £,  and  can  be  determined: 

h ] (29) 

V-'il/.  I 

The  principal  central  moments  of  inertia  in  a general  case  are 
determined  by  formulae: 

/;„  | /,, siii’rt - /j1|sin2'7.> 

/,K,  It  sin'"  a | /,,  cw'ct  • sin  2a, 

where  1^  - centrifugal  moment  of  inertia; 

c c - angle  between  main  axes  and  axes  £,  and  ^ which  is  found 
by  equation: 


Because  the  cross  sections  of  a propeller  blade  have  considerable 
elongation  and  relatively  low  curvature,  which  as  a rule  does  not 
exceed  2 - 3%)  the  direction  of  the  main  central  axis  0 4o  may  be 
considered  to  be  parallel  to  the  chord  of  the  cross  section.  Then 
angle  cc.  - 0,  and  the  moments  I £_  and  I may  be  assumed  as  the 
principal  central  moments  of  inertia.  At  the  same  time,  centri- 
fugal moment  I^=  0. 

The  procedure  of  calculating  the  area  and  coordinates  of  the 
center  of  gravity  of  the  unfolded  onto  the  plane  cylindrical  cross 
section  of  the  blade  by  the  method  of  trapezoids  is  illustrated  in 
Tab] e 2. 

In  a number  of  cases  the  geometrical  characteristics  of  blade 
cross  sections  are  found  by  approximate  but  considerably  simpler 
formulae,  Kor  example,  cross  sectional  area  may  be  calculated  by 
formula : 

(30) 
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Coefficient  equals  0.70  - 0.7 2 for  the  cross  section  of  the 
aviation  profile  end  0.71  - 0.73  for  the  segmental  profile. 

Table  2.  Calculation  of  the  Geometrical  Characteristics  of  Unfolded  /?? 
Onto  1 1 ie  Plan Cyl j.ndricai  t -tons  decLi'jn  of  a blade 

(b  » . . . (m),  em  » . . . (m),  n - even  number) 


i 

i 

i 


Table  3 provides  values  for  the  coefficient  of  blade  fullness  /28 

&£  and  relative  coordinates  of  the  center  of  gravity  of  the  propeller 
blade  cross  sections  for  propellers  of  the  W series  (Wageningen 
experimental  basin,  Netherlands). 
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Table  Jj.  Calcvlrtion  of  Coordinates  of  the  Center  of  Gravity 
of  i'roi..-.- .Her  blaGo  Crons  .';ectio?7s ( tan  <j>  “ , . 7) 
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Table  5 
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The  volume  of  the  blade  or  of  its  separate  part  which  is 
separated  by  the  cross  section  being  considered  is  calculated  by 
the  formula: 

l'-  f FJr  re  l a^cjiir,  (31) 

where  “■  « em  - relative  maximum  thickness  of  the  cross  section; 

m R 

b “ ~ - relative  length  of  the  chord  of  the  cross  section. 

K 

The  coordinates  of  the  center  of  gravity  of  the  volume  V are 
determined  by  coordinates  of  centers  of  gravity  of  cross  sections 
which  should  be  considered  in  the  system  0 connected  with  the 

propeller  (see  Fig.]?). 


For  the  crosr  section  at  a distance  r: 

V r <|’  h>,  /<S,„)sinv  !i i|1(| cos  v; 

^'i  I’  .■„)  ids  v b i|1(J  sill  v, 


(32) 


/30 
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where  V-  pitch  angle  of  the  cross  section  being  considered ; 


bj-  distance  from  the  leading,  edge  of  the  profile  cross  section 
from  the  generatrix  of  the  blade. 

Tne  sequence  of  the  calculation  of  coordinates  of  the  center  of 
gravity  of  cross  section:;  in  the  0>;yz  system  is  determined  by  Table  I4. 

The  coordinates  of  the  center  of  gravity  of  volume  V are  found 
by  formulae: 


/>  l * ) 

.1  / '.df  j,  I a, <*, ,.hx.xlr\  j 


If  (It  I «/<'„,  l>tilr\ 

\ . 


, ) 1 J utcminjfr. 


It  is  convenient  to  calculate  the  blade  volume  or  the  volume  of 
the  part  of  the  blade  located  on  the  radius  r>  rj  and  the  coordinates 
of  the  center  of  gravity  by  the  method  of  trapezoids  in  the  form  of 
Table  'J. 

Section  lj.  Calculation!  of  Stresses  in  Cross  Sections 
of  a iropelder  blade 


A propeller  blade  of  usual  design  nay  be  presented  as  a helicoidal 
shell  of  variable  thickness  rigidly  fixed  along  the  inner  part  of  its 
contour  and  free  along  the  rest  of  contour.  Calculation  of  the  state 
of  stress  of  such  a shell  is  a very  complex  problem,  even  if  initial 
assumptions  for  its  solution  are  based  on  the  usual  technical  shell 
theory  using  the  hypothesis  of  straight  normals  and  the  condition 
that  there  are  no  normal  stresses  acting  on  small  areas  which  are 
parallel  to  the  median  plane  of  the  shell.  Such  a method  of  establish- 
ing the  state  of  stress  in  the  blade  which  i;  of  interest  first  of  all 
because  of  theoretical  considerations,  leads  0 the  necessity  of 
solving  a complex  system  of  partial  differential  equations  with 
variable  coefficients.  liven  approximate  numerical  solutions  require 
the  use  of  high-speed  computers. 


However,  in  practical  design  of  screw  propellers  less  accurate 
methods  are  used  which  are  not  so  strict  but  are  considerably  less 
time  consuming  and  are  based  on  several  additional  assumptions. 
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The  most,  widely  used 
theory  of  prismatic  rods, 
be  of  high  accuracy,  they 
to  inform  the  designer  in 
in  the  propeller. 


of  these  methods  are  those  based  on  the 
Although  these  metnods  do  not  claim  to 
provide  sufficiently  satisfactory  data 
his  evaluation  of  the  state  of  stress 


These  melnods  are  based  on  the  following  assumptions: 

the  blade  is  considered  to  be  a cantilever  rod  with  variable 
area  of  cross  section  which  is  rigidly  fixed  at  one  end  and  is 
subjected  to  oblique  bending  under  the  action  of  external  forces 
not  located  in  one  of  the  main  planes  of  the  blade; 


calculation  is  performed  for  cylindrical  cross  sections# 


fc'i'he  only  exclusion  is  a method  of  "itezing"  which  \;as  discussed 
in  Section  5.  According  to  this  method,  stresses  are  determined  not 
in  cylindrical  but  in  flat  cross  sections. 


unfolded  onto  the  planes,  which  are  perpendicular  to  the  generatrix 
of  the  propeller  blade; 

one  of  the  main  axes  of  inertia  of  the  cylindrical  cross  section 
of  the  blade  selected  at  random  is  considered  to  be  parallel  to  its 
chord  limited  to  a relatively  thin  cross  section;  at  the  same  time, 
the  other  main  central  axis  is  perpendicular  to  the  chord  of  the 
cross  section. 

Taking  into  account  all  these  assumptions,  the  maximum  stresses 
emerging  in  the  blade  under  the  action  of  external  forces  may  be 
determined. 

The  bending  moment  resulting  from  the  action  of  the  axial  (in 
the  direction  of  the  propeller  motion)  component  of  hydrodynamic 
load  in  any  random  cross  section  of  the  blade  at  a distance  rp 
from  the  axis  of  propeller  rotation  is: 

// 

A!,.  (r-~rf)dr,  (3k) 

i> 

where  dF-|  - thrust  of  the  blade  element  which  may  be  presented  as  /32 

(//’.-  y(tK,vn’l>'.  (35) 
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Formula  (30)  makes  it  possible  to  calculate  the  bending  moment 
under  the  action  of  axial  hydrodynamic  forces  in  any  cross  section 
of  the  biade  (r0£rp$1)  for  propellers  with  a relative  radius  of 
the  hub  0.2^ro^0.1j, 

Since  the  maximum  stresses  appear  in  the  root  areas  of  the 
blade,  usually  cross  sections  of  these  areas  are  considered  for 
strength  calculations  of  propel] or,  As  a rule,  the  relative 
radius  of  the  hub  of  solid  propellers  is  "r0  K 0.17  - 0.18; 
taking  into  account  that  the  transition  from  the  blade  into  the 
hub  has  a fillet  radius,  it  is  possible  to  assume,  without 
introducing  a significant  error,  that  the  cross  section  which 
is  at  the  radius  of  0.2  should  be  considered  for  calculation 
(dangerous  cross  section).  In  addition,  taking  into  considera- 
tion that  the  root  area  of  the  blade  little  influences  the  thrust, 

let  us  assume  that  r *»  r K 0.2.  In  such  case,  formula  (37)  will 

p o 

be  transformed  into  the  following:  /33 
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Fig.  iJj.  Graph  for  functions  G and 

By  using  formula  (15)  v;e  obtain  a formula  for  calculating  the 
bending  moment  created  by  the  action  of  axial  hydrodynamic  forces 
in  the  dangerous  cross  section  of  the  blade. 

O.mKtfnW  (1*0) 

or 

Ai,.r-=o,.i7r./y\  (1*1 ) 

vdiere  P1  - thrust  of  each  Made  of  the  propeller; 

R - radius  of  the  propeller. 

The  bending  moment  created  under  the  action  of  tangential  hydro 
dynamic  forces  may  be  calculated  in  a similar  way • 

It  is  evident  that 

It 

Mr  \'"r'-ir-rr)tlr'  (^2) 

'r 


where  <//,  x <!K,fn"n' 


tangential  force  of  the  blade  element. 


Then 


M, 


■IV. 


I r , - 

.1  -/Ir-rj'tr. 

r 


(1*3) 


It  is  expedient  to  present  bending  moment  lvj,  resulting  from 
the  action  of  tangential  hydrodynamic  forces  as  a function  of 
propeller  torque. 


If  K2  is  the  coefficient  of  torque  at  the  regime  under  considera- 
tion, then  using  the  evident  relationship 

A...  1 **<’  il7, 

• clr 
'11 

and  also  the  expression  veil  knov;n  from  the  hydrodynamics  of  ship 
propellers  , 

K. 

Jin 

1' 

and  formula  (12)  we  obtain: 


M, 


1 


I 


I 


dK\ 

dr 


t ir 


(1*1* ) 


After  substituting  formula  (15)  into  this  and  after  calculation 
of  integrals 


M, . 

7. 

The  graph  for  function  G^(f0, 


by  <10.  rv). 

fp)  is  shown  in  Figure 


(1*5) 

H*. 


Formula  (1*5)  serves  for  finding  the  bending  moment  created  by 
the  action  of  tangential  hydrodynamic  forces  at  any  cross  section 
of  the  blade. 


If  a cross  section  located  directly  at  the  blade  root  is  being 
considered  in  calculations  (r  **  r - 0,2),  then  formula  (Zjlj ) may 
be  reduced  to  the  form:  " 0 


Mt  :,  -Lo,G7;U.  (i|8  ) 

where  H - torsional  moment  of  the  propeller. 

Using  formulae  (lt7)  and  ( it 0 ) , the  bending  moment  created  by  the 
action  of  tangential  hydrodynamic  forces  is  calculated  in  the  critical 
cross  section  of  the  blade. 

Components  of  the  hydrodynamic  bending  moment  acting  in  the  ACBD 
cross  section  of  the  blade  are  shown  in  Figure  15. 


Fig.  1 . Components  of  the  hydrodynamic  bending  moment 
acting  in  the  ACBD  cross  section  of  a blade 
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In  a general  case,  the  point  O’  to  which  the  hydrodynamic  moment 
is  applied  does  not  coincide  with  the  center  of  gravity  of  the  cross 
section  (point  0").  Strictly  speaking,  the  system  of  stresses 
emerging  in  the  cross  section  being  considered  under  the  action  of 
hydrodynamic  forces  should  balance  not  only  the  bonding  moment,  hut 
p.iso  the  torsional  movent  in  respect  to  the  center  of  gravity  end 
shearing  force,  which  loads  to  the  appearance  of  tangential  stresses 
in  the  cross  section  of  the  blade.  As  was  demonstrated  by  calcula- 
tions, these  stresses  are  considerably  lower  than  noiv.nl  stresses 
emerging  under  the  action  of  the  bending  moment.  Therefore,  the 
effect  of  the  torsional  moment  and  shearing  force  may  be  disregarded, 
and  it  can  be  assumed  that  the  hydrodynamic  bending  moment  is  applied 
to  the  center  of  gravity  of  the  cross  section. 

In  accordance  with  the  .above  assumptions,  let  us  unfold  the 
cylindrical  cross  section  of  the  blade  on  a plane  passing  through 
the  point  O'  pepenriieularly  to  the  blade  axis  Oy,  and  in  agreement 
with  the  discussion  in  Section  3 we  will  assume  that  one  of  the 
main  central  axes  of  inertia  (axis  of  minimum  rigidity)  is 

parallel  to  the  chord  of  the  cross  section,  while  the  other  - p 
(axis  of  maximum  rigidity)  is  perpendicular  to  the  chord  (Fig.ld). 

By  projecting  moments  Kp  and  M-p  on  the  axes  4 - b,  and  r^-  ip  , 
we  obtain: 

Ah-  AI,.Ci>.-v-i  A-tjsinv,  ] (lj?) 

Aln  , .I, .sin v — AIj-conv.  ! 

If  blades  are  inclined  toward  the  stern,  it  is  necessary  to  take 
into  consideration  an  additional  bonding  moment  under  the  action  of 
centrifugal  forces  (see  (22)  and  (23)). 


Fig.  16.  Main  central  axes  of  a blade  cross  section 
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Therefore,  tin:  total  beudu'£  moment  in  respect  to  the: 
axil.  l-skin;;  into  account  hydrodynamic  an  1 c‘.uir5fu;v'J  force:; 

M:  (M,.- i /I If) cos v (£q) 

-i  M , : in  v, 


end  in  reop*  cb  to  the  >■}  - f)  f-xis 

(a:,.;  a/,-) fin (5i) 

- ,V!  ,cosv. 

In  addition  to  bonding  m-.mv.-uts,  the  external  load  on  the  to  "do 
includes  tension  .f-.n-ces  ti.KTt;i nf,  under  the  fiction  of  centrifup.cl 
force.  Tiio  centrifugal  force  ic  cclculn.lt. d l*v  formulae  (19)  and 
(20). 


Knov.dnc  tiie  area,  moment  of  inertia,  or  section  modulus  of  the 
blade’s  cross  section  and  us  in;-  fevr.ulao  (92)  and  (93) : 

-M,«i  -'1-  /Col 

<i- Cl,,.,)  '■  -■■■'-  (52; 

/-  u . (»: ) 


-it'll-  d 


u .,b„  J 


where  1^,1^  - moments  of  inertia  of  the  blo.de.  cross  section  in 
respect  to  ic.  in  central  axes  K-K  and. 

£ ,7i  - distances  from  the  neutral  axis  to  t.he  remotest 

J max  * *-  max  . . _ . . 


points  of  the  section; 


Wf  (r»  ),  \}yJ£  ) - section  no  do.  3 i of  the  blade  cross  section 

t,'  'max  l 'max'  . . ...  ... 


.tor  points  or  an  coord;- nates  a f , 
,.  . (max  c>na>:’ 

resj  ectivoly, 


it  is  possible  to  determine  stn  sees  in  points  most  remote  from  the 
neutral  axis,  which  roc  caused  by  Pennine  and  also  tensile  stresses 
caused  by  t)ie  action  o'.'  centrifugal  force: 


The  points  most  remote  from  the  neutrfil  axis  of  the  cross 
section  under  consideration  are: 
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point  A,  at  which  tensile  st  resses  censed  by  moment.  Mi  are 
combined  vim  similar  stresses  caust -d  by  moment  M and  by  ' 
centrifuga]  force: 

0,(11  ,)  I 1I„(;4)  | II,; 

point  b,  at  which  compros: m on  stresses  caused  by  moment  M ^ are 
subtracted  from  tensile  stresses  caused  by  moment  K p and  by  centri- 
fugal force 

o(/>)  n.  <!,,<£„);  (5^) 

point  C,  which  is  subjected  mainly  to  the  action  of  compression 
stresses  caused  by  moment  Me  and  tensile  stresses  emerging  as  a 
result  of  the  action  of  cenvrifugal  force: 

o(C)  - o.  (ij  ! o();  (5?) 

point  D at  vhi ch  act  tensile  stresses  caused  by  moment  Me 
find  by  centrifugal  force: 

o (D)  • o,  (i|,j)  ; o,.  (58) 

Moments  of  inertia  and  section  moduli  in  equations  (52)  and  (53) 
are  determined  by  methods  discuss- o in  Section  3.  More  approximate 
methods  for  finding  these  values  try  also  be  recommended.  For 
example,  for  section  moduli  in  respect  to  4 axis: 

u"t( 1 (5?) 


in  respect  to  ^ axis: 


The  vaDucs  of  n and  ecg  coefficients  for  aviation  and  segmental 
profiles  with  a flat  forcing" side  are  given  in  Table  6 (3). 

Calculations  indicate  that  maximum  stresses  in  the  blade  cross 
section  are  the  compressive  normal  stresses  at  point  C.  The  maximum 
tensile  stresses  as  a rui  e emerge  in  point  D.  Usually  strength 
calculations  of  the  propeller  blade  are  limited  therefore  to 
determining  stresses  at  these  points,  and  therefore  the  data  on 
section  moduli  in  respect,  to  the  axis  are  needed  first  of  all. 
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The  sequence  of  calculation  of  maximum  stresses  in  erosf;  sections 
of  the  blade  breed  on  static  loads  ir;  Riven  in  liable  7.  As  the  initial 
data  the  following  values  arc  used: 


Propeller  diameter,  m D 

Number  of  blades  ................Z 


Relative  isciius  of  the  hub  

o 

rpn  .................  n 

coefficient  of  thrust  

coefficient  of  the  moment  

In  addition,  the  following  auxiliary  values  have  to  be  calculated: 

A ir'i'/r  h'.-'.-i-u- 
•!7  7. 

This  method  may  be  used  for  calculation  of  stresses  in  various 
cross  sections  along  the  radius,  including  the  most  critical  cross 
section  at  the  root  of  the  blade.  At  the  same  time,  it  is  possible 
to  select  the  blade  thickness  in  such  a way  that  distribution  of 
design  stresses  in  the  cross  section  would  be  relatively  uniform. 

The  maximum  stresses  obtained  as  a result  of  calculations  should 
not  exceed  the.  maximum  permissible  stresses.  Selection  of  permissible 
stresses  for  materials  from  which  propellers  are  manufactured  is 
discussed  in  detail  in  Chapter  11.  The  discussion  here  is  limited 
to  the  recommended  values  of  permissible  stresses  tested  by  experience 
in  operation  of  various  ships  and  selected  in  evaluating  propeller 
strength,  considering  static  loads  acting  on  propellers.  In  Table  8, 
taken  from  (15),  values  of  permissible  stresses  are  shown,  depending 
on  the  material  and  the  number  of  propellers  on  a ship,  which 
influences  the  degree  of  non-uniformity  of  the  velocity  field  on  the 
propeller  disk  and  indirectly  influences  cyclic  loads  on  the  blades. 
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Section  5.  Information  on  Other  Methods  Used  for  Evaluati on 
of  Screw  Prep « j J. or  St-re: j ,-rth 

V.'ith  the  increase  in  information  on  the  strength  of  propellers 
and  the  development  of  hydrodynamic  calculations  based  on  the  vortical 
theory  published  by  several  authors,  practical  methods  of  evaluating 
general  strength  of  propellers  have  been  suggested.  The  best  known 
of  then  arc  the  methods  of  Taylor  (Uii),  Komsora  (Lil),  Rosingh  (li?), 
and  Keyser  and  Arnoldus  (38). 

Special  features  of  these  methods  and  some  formulae  used  in 
practical  propeller  strength  calculations  by  the  above  methods  arc 
discussed  below. 

Taylor's  Method . The  first  analytical,  method  of  stress  calcula- 
tion in  propeller  blades  was  suggested  in  1920.  It  was  based  on 
genercl  engineering  assumptions  in  strength  calculation  of  propellers 
(see  Section  h).  In  order  to  simplify  calculation  formulae,  addi- 
tional assumptions  are  made  with  respect  to  the  distribution  of 
hydrodynamic  forces  along  the  radius  of  a propeller.  In  particular, 
it  is  assumed  that  the  axial  components  of  hydrodynamic  forces 
increase  linearly  with  increasing  radius,  while  the  tangential 
stresses  are  not  changed,  i.o.. 


iir, 

,!■ 


rr- 


•ir, 

,!i 


‘I 


(61) 


Such  a schematic  presentation  of  hydrodynamic  forces,  strictly 
speaking,  is  correct  only  for  marine  propellers  with  con  tant  cireula-  /hi 
tion.  V,'j  th  such  assumptions,  bending  moments  caused  by  the  action  of 
axial  and  tangential  hydrodynamic  forces  can  be  found  without  any 
diff icul ties : 
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Calculation  of  centrifugal  forces*  as  well  as  determination  of 
bending  moments  in  respect  to  the  main  central  a-.es  of  inertia  of 
the  blade  cross  section  and  of  maximum  stresses  in  the  critical 
cross  section  do  not  differ  from  those  discussed  in  Section  h. 

It  is  considered  that  the  strength  is  sufficient  if 

<*iwav 

where  n - safety  factor  of  static  strength.  For  various  ship  types 
and  service  conditions,  8 *,113.12. 


The  necessity  of  linear  approximation  of  the  distribution  of 
hydrodynamic  forces  was  probably  caused  by  the  absence  at  that  time 
of  simple  theoretical  methods  for  their  determination.  However, 
Taylor  succeeded  in  taking  into  account  the  main  portion  of  the 
action  of  hydrodynamic  forces  on  the  blade.  Indeed,  a comparison 
of  calculated  values  of  hydrodynamic  moments  in  the  cross  section 
at  a radius  rp  * C.2  obtained  by  Taylor's  method  and  by  the  vortical 
theory  presented  in  the  form  of  ,u(,.  Alr  krM 

indicates  that  coefficients  kp  and  kj  are  equal,  respectively. 

kp  kT 

According  to  Taylor  0.1169  O.63 

According  to  the  vortical  theory  O.hlS  0.67 


For  comparison  of  calculated  values  of  bending  moments  for  the 
section  modulus  v.e  obtain: 

1 

M„„  - ( A1  /■  -|-  Air)  " |(^'’*,,)*  ; k)  P\ 

For  exai-.ple,  for  the  propeller  of  a high  tonnage  tanker,  according 
to  hydrodynamic  calculations,  it  can  be  assumed  that  rj  « 0.^25  and 
Ap  B 0.5.  Then  the  values  of  bending  moment  M will  be? 

According  to  Taylor  1.68  ~ /ii2 

Cs 

* 

According  to  the  vortical  theory  1.70  M 

Z 


h2 


In  this  case,  both  methods  produced  practically  the  same  results. 

Relatively  simple  methods  for  determining  hydrodynamic  forces 
according  to  the  vortical  theory  exclude  the*  necessity  of  using 
linear  approximation.  At  the  same  time,  the  calculation  formula 
(JjO),  (Ijl),  (If/),  (h6)  are  not  much  more  complex  then  the  Taylor's 
formulae.  However,  since  Taylor's  method  provides  results  similar 
to  those  obtained  by  the  vortical  theory,  it  is  traditionally  used 
for  design  of  ship  propellers.  It  is  also  significant  that  the 
assumptions  initially  suggested  by  Taylor  are  used  even  at  present 
(see  Section  ii). 

Komsom 1 s Method . This  method  is  a furl  her  development  of 
Taylor's  method,  mainly  in  the  direction  of  defining  more  precisely 
the  hydrodynamic  forces  acting  on  a blade.  The  distribution  of 
hydrodynamic  load  along  the  radius  is  determined  according  to  the 
vortical  theory. 

In  addition,  in  order  to  obtain  a blade  design  approaching  that 
of  equal  strength  in  bending,  Komsom  recommends  selecting  separate 
elements  of  the  blade  attempting  to  have  equal,  design  stresses  in 
cross  sections  at  relative  radii  r which  are  equal  0,2  and  0.6. 

In  developing  this  method,  attention  was  paid  to  the  fact  that 
the  nomc-nt  of  inertia  of  blade  cross  sections  in  respect,  to  the  *\ 
axis  almost  by  the  whole  order  exceeds  the  moment  of  inertia  in 
respect  to  the  £,  axis  as  a result  of  the  relatively  small  thick- 
ness of  these  cross  sections.  Therefore,  Komsom  found  it 
permissible  to  disregard  stresses  in  the  cross  section  being 
considered  which  are  caused  by  bending  moment  M . The  advantage 
of  this  simplification  is  supported  by  experimental  data  showing 
that  stresses  emerging  near  edges  of  the  blade  are  negligible  in 
magnitude  and  almost  by  one  order  lower  than  stresses  in  the  areas 
where  the  blade  is  thick. 


Based  on  the  above  assumptions  and  as  a result  of  more  precise 
definitions  in  calculation  of  the  section  moduli  of  the  blade  profile, 
Romsom  obtained  the  following  dependences  lor  calculation  of  maximum 
normal  stresses  in  cross  sections  under  consideration  at  the  rela- 
tive radii  r,  which  are  equal  C.?  and  0,6 


(63) 
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where*  N - power  transmitted  to  the  propel  1 er , hp; 


n - m.p-.lliT  rpm: 
n ■ ' ' 


b - ler-i  tij  of  the  r traighLrn<  d cross  section,  mj 

thic!-i:c:;s  of  t b < bl »de  3 is  cv section,  cm; 
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Graphs  for  determining  coefficients  C|  and  C-,  ore  given  in 
Figure  37.  In  the  same  figure  is  included  ft  graph  for  the 

function  X •• — , which  is  introduced  into  the  calculation 

cos^C 

fon  via  in  cares  when  pj ..poller  blades  are  inclined  at  angle  6. 

After  a series  of  to:rc ri  merits  in  measuring  stresses  in 
cylindrical  cross  sections  of  blades  at  a relative  radii  r wiiich  are 
equal  0,?  and  0.6,  Horses:  crr.c  to  the  conclusion  that  calculation 
results  will  in  the  test  v:?y  correapunu  to  the  nw  ■usurement  data  if, 
in  formulae  for  calculating  the  section  moduli  of  straightened 
cylindrical  cross  section:,  of  the  blade,  coefficients  <*•  in  the 
2 

formula  V.’  « otbc^  are  used  according  to  the*  following  data: 


In  tension 
In  compression 


for  r n 0.H  for  r * 0.6 


0.096 

0.086 


0.100 

0.080 


lili 


Inclination  ol'  propeller  blades,  deg. 

<e 


Fig.  17.  Graph::  For  determining 

coeffieionlr  , C and  X 


Inclination  of  propeller  blades,  dec. 

< 


Fig.  18. 


Graphs  for  determining 


coefficients  C, 


'B' 


and 


X 


When  the  diagram  developed  at  the  Vngeningen  experimental  basin 
is  used  for  the  design  of  ship  propellers,  formula  (63)  is  used  in 
slightly  modified  form: 


<:  .k 

\ r> 


'tlcL/.n,, 


(c„  | 101.5  V).V. 


(61) 


where  0 , C , end  X ere  coefficients  simile c to  coefficients  0.  end 
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C^,  which  art-  fouu.i  from  curve:;  in  Figure  16. 

Calculation  (if  strenstj:  (•'•r.M.d  by  the  contri l’uj a L force  of 
inert  in  in  perfoj ;» ect  by  Die  anpi  oxiiwtc  method  in  which  bend  in,1; 
stresses  due  to  blah..-  inclination  are  tUvi.tnained  at  radii  r “ O.P 
and  r 0.6,  respectively  by  the  formulae : 


In,.  I>)‘  I •!(.' 

H'“  ' 'h  , )" 


i'  /ir; 


... 


(65) 


In  these  forn.ol.se,  sign  "•»"  is  used  for  tensile  stresses  and 
sign  for  compressive  stresses.  Signs  in  parentheses  indicate 
that  the  valuer  of  coefficients  ka.  depend  on  the  character  of 
stresses.  This  should  be  taken  into  cons? deration  in  determining 
these  coefficients  using  data  given  above. 

In  order  to  simplify  calculations,  coefficients  A and  C,  which 
are  some  functions  of  the  pitch  ratio  H/1),  angle  of  blade  inclina- 
tion, and  the  relative  thickness  of  its  cross  sections,  are  given, 
in  graphical  form  in  Figures  .19  and  20. 

General  stresses  caused  by  the  action  of  hydrodynamic  end 
centrifugal  forces  are  found  by  a simple  summation: 

O,  ! .!.  ; O,,  (6Y) 

where  6^  and  <5^  are  maximum  tensile  and  compressive  stresses  in 
the  cross  section  being  considered. 

According  to  Romcom,  propeller  strength  is  considered  to  be 
sufficient  if: 


1 r> 

• / n 


or 
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Rom corn's  method  pains  wider  and  wider  use  in  practical  design 
of  ship  propellers.  The  results  obtained  by  this  method  are  similar 
to  those  obtained  by  the  method  discussed  in  Section  )j,  which  is  /Ji5 

apparent,  since  both  methods  arc  based  on  almost  the  same  initial 
data. 
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ir-gb's  _!•••<  ‘'•..'I.  Based  on  experience  in  operation  of  ship 
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strength  ot  propeUen 
with  other  mot-hoc!';  5s 
terir.15 os  (.".rear,  a?:-, 
ero.os  sect?. cos  of  fh-. 
would  be  moot  effect iv 
with  v > d bieder,  b;  c; 
the  pro ill  jo  of  .flat  rod  cylindrical  cios.j  suction 
particular! y pronounced . 


In  order  to  present  a picture  of  strep"  distribution  along  the 
complete  blade,  it  is  necessary  to  perform  calculations  for  several 
groups  of  cress  sections  located  at  different,  distances  from  the 
propeller  axis.  Inch  group  consist?;  of  several  cross  sections 
under  various  angles  to  the  blnuc  axis;  projected  on  the  transverse 
plane  which  is  perpendicular  to  the  propeller  axis.  Since  in  such 
a case  the  volume  of  calculations  ip  too  extensive,  the  calculation 
is  cerr.it  d cut  only  for  several  cross  sections  directly  behind  the 
fillet  at  the  blade  root. 


Fig.  19,  Graphs  for  determining  coefficients  A and  C 
for  the  cross  section  at  radius  *r  **  0.? 
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Fig.  ?0.  Graphs  for  determining  coefl’ioJ  ents  A end  C 
for  the  cross  section  at  r£.dino  r * 0.6 


* Pitch  at  0.6  E; 

**Incl d nation  of  propeller  1 .lades,  deg. 

At  first  the  point  is  &■<  termini  :d  at  which  a resultant  of  hydro- 
dynamic forces  (threat  and  taxgt ntial  force)  is  applied.  In  such  a 
case,  if  the  propeller  is  de-air/  ;.d  accord! nr',  to  the  vortical  theory, 
the  distribution  of  the  thrust  and  tengemi-'.i  force  on  the  blade  is 
known*.  In  this  case,  with  the  given  values  of  the  thrust  and  /l;6 


*For  the  puipoxe  of  calcu.t.-.won,  the  u:i  si.ributior  of  the  thrust 
and  the  tangential  force  may  be  determined  by  the  method  discussed 
in  Section  1. 


propeller  torque,  the  points  at  which  resultants  of  axial  and 
tangential  forces  are  applied  may  be  determined  from  the  equation 
of  moments  created  by  elementary  forces. 

For  finding  these  points,  more  approximate  methods  are  also 
permitted.  For  example,  Hosingh  suggested  a diagram  for  approximate 
determination  of  the  point  to  which  thrust  is  applied  (Fig.  21).  For 
a plane  which  passes  at  a distance  of  r “ O.ii  from  the  propeller  axis, 
we  find  that  the  resultant  of  thrust  is  applied  at  n point  located  at 
a distance  of  0.73K  from  the  propeller  axis  and  amounts  to  92#  of  the 
total  value  of  thrust  at  n design  regime  of  operation*. 


*lt  may  be  approximately  considered  that  the  relative  distribu- 
tion of  tin?  thrust  along,  the  propeller  radius  corresponds  to  the 
distribution  of  torsional  moment  (see  (13)).  Therefoie,  tho  graph 
in  Fig.  ?!  may  also  be  used  for  finding  the  point  to  which  tangential 
force  is  applied.  Distribution  of  this  force  may  be  found  from  the 
formula  utdueed  from  formula  (12)  .(/■  ,w 
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Fig.  22.  Adduction  of  the  force  acting  on  the  propeller 
blade  to  the  point  A. 


Then  the  centrifugal  force  Pc>  v.hic.h  causer:  both  bending  and 
tension,  is  determined  (in  kiligrcn- force): 


hc; 


where  G - weight,  of  blade,  leg; 


rG  “ distance  hclv.i-en  the  renter  of  gravity  of  the  blade  and 
axis  of  propeller  rot;  Lion,  m; 


n - propeller  rp..i. 

The  position  of  tin-.  point  to  which  centrifugal  force  in  eppl  1 o.d 
and  which  coinc ides  with  the  center  of  gravity  of  the  blade  when 
r v rn,  is  determined  'ey  x he  nriai,  r;  dial,  • ■ : id  t-renevoj  cocrdinnl 
which  were  calculated  using  ru:...;,--.i cal  integration  raothe-ds  (see  dec, ,3). 


V.i  ci  ■ r gram  in  Fig,  22  .show : point  A t.o  which  thr.iyi  P-|  j.«; 

applies*,  point  ii  to  which  tangent j ai  hydrodynamic  force  *j -j  is  applied. 


perpendicular  wo  wnu  plane  of  dr  ax:.' 


and  point  G (which  coincides  with  the  center  ox  gravity  of  the-  whole 
blade)  to  which  centrifugal  force  Pc  is  applied. 

Then,  to  simplify  the  calculation,  all  forces  are  tren.cfc n cd 
to  point  A t.o  which  U c thrust  i;;  applied,  m 3.ntaining  constant  the 
bending  moment,  which  t ctr,  in  the  cross  section  being  considered. 

For  this  purpose,-  the  tangential  force  is  decreased  in  the  proportion 

DC  i Tn 

cf  , i.e.,  o ™ T-j . If  the-  point  of  intersection  of  the  direc- 
tion of  centrifugal  force  with  the  blade  cross  section  plane  is 
denoted  by  letter  K,  and  the  center  of  gravity  of  the  flaw  cross 
section  of  the  blade  is  denoted  by  letter  P,  then,  by  transferring 
centrifugal  force  to  the  point  A and  maintaining  the  bonding  moment 
constant 

>\-yn  /’ CD, 


we  obtain 


Fig.  23.  J<iaprai..  fur  outer;: 'Ming  the  am  of  nppjK"-., 
of  nrbiirrry  force: 
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Kip;.  2)j.  Diagran  of  .forces  v:inch  cause  l coding 
of  the  blade 

The  moment,  created  by  force  l'r  in  respect  to  point  D 
replaced  by  r.OHents  of  rmo  arbj  fry  forces  ) t.  and  P , whi 
found  (Fig.  22  and  23)  fro.:  conditions  of  foments  equality 
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Data  cij.-vi actori:  in;;  non-uni  f ormity  of  the  incident  flow  are 
obtained  by  ins-aavrin,.:  velocity  fields  in  the  area  of  propeller 
location  using  a model  of  a ship  hull  in  an  experimental  water 
basin.  Measurements  obtained  in  the  absence  of  an  operating 
propeller  rake  it  possible  to  obtain  data  on  the  so-called 
nominal  velocity  field.  It  is  assumed  that  the  effect  of  the 
operating  propeller  on  the  characteristics  of  the  velocity  field 
non-uniformity  ray  be  disregarded,  and  that  the  non-uniformity  of 
the  velocity  field  obtained  in  node!  tests  corresponds  with  the 
non-uniformity  of  the-  velocity  field  of  a real  ship. 

The  weak  point  of  this  method  is  the  fact  that  in  determining 
the  parameters  of  the  propeller  load,  it  does  not  take  into  account 
the  effect  of  the  propeller  load  end  also  of  the  scale  factor  on 
the  non-uniformity  of  the  velocity  field.  However,  this  is  the 
only  method  that  can  bo  presently  used,  since  existing  analytical 
methods  do  not  make  it  possible  to  calculate  accurately  the  flow 
of  a viscous  fluid  around  the  stern  part  of  a ship  with  specific 
ship  lines.  On  the  other  hand,  measuring  the  field  velocity  in 
the  area  of  propeller  location  may  be  considered  to  be  in  the 
category  of  unique  hydrodynamic  experiments.  The  very  limited 
data  available  testify  that  the  operating  propeller  may  change 
the  initial  non-uniformity  of  the  velocity  field  behind  the  ship 
hull.  This  is  particularly  pronounced  for  ships  with  full  lines 
(8  > O.fc'O)  where  at  the  stern  part  of  the  ship,  separation  of  the 
boundary  layer  takes  place  (16).  In  the  case  of  such  ships, 
because  of  the  suction  notion  of  the  propeller,  a displacement 
of  the  area  of  boundary  layer  separation  toward  the  stern  takes 
place,  which  loads  to  the  narrowing  of  the  retarded  flow  incident- 
on  the  propeller  and  the  appearance  of  sharper  non-uniformity 
picks  at  th<  propeller  disk. 


The  approximate  Methods  of  evaluating  the  effect  of  load  on 
the  propeller  on  the  non-uniformity  of  tne  velocity  field  (h3) 
show  that  this  effect  is  quite  essential,  particularly  at  inner 
radii  of  the  propeller  disk. 


Evidently,  for  a ship  vi th  flow  nro mi  itr.  stern  vi Lhout  tepara- 
tion  of  the  bound -try  layer  wi«i  with  lover  load  on  the  propel  lor  in. 
respect  to  thrust,  the  effect  of  the  propeller  load  on  the  non- 
uniform  i *.<  of  the  v.- lenity  field  will  be  Jens  pronounced . Thin  makes 
it  po.-.j.i hi  o to  use  tin-  chnrpcti  ristics  of  the  noniin  1 current  an  the 
initial  < ca  on  non- uniformity  of  the  velocity  fielu  in  the  propeller 
di  sk . 


I)o i -i  on  the  possibility  of  using  sir.  dctlon  test  rc.eul ts  on  the 
paramo t<  -s  of  velocity  field  n^n-onif  oi ; .5  i y arc*  also  very  limited. 
ComparabJ  <■  t ests  con  i'  d out  i.i.  who  v'a;,C!i j ».i  -on  experimental  basin 
with  the  vf.o  of  n a oi'':;  of  model  c of  n ’Victory"  type  ship  built  in 
different  seal  us,  ir'O  ndinp  a .lavy,<  -scale  towed  model,  demonstrated 
that  the  effect  of  the  scale  factor  is  not  essential. 


Data  on  the  non-uniformity  of  velocity  field  parameters  for  the 
field  in  which  the  propeller  opemtes  seme  ay  a basis  for  calcula- 
tion of  periodically  varying  forces  acting  on  the  blade  and  stresses 
emerging  in  the  biacte  under  the  action  of  these  force:;.  As  noted 
earlier,  these  data  can  be  obtained  by  testing  hull  models  in  an 
experimental  basin. 

At  the  initial  design  stage,  parameters  on  the  non-uniformity 
of  the  velocity  field  determined  for  a prototype  ship  ir.t.y  be  used 
for  evaluation  of  forces  created  by  the  propeller  for  the  same 
shape  of  stern  part:;  of  ships  being  built. 

It  is  assumed  that  slight  deviations  in  the  shape  of  the  stern 
part  of  a ship  would  not  lead  to  n considerable  change  in  the  nominal 
velocity  field  in  the  propeller  dir.!:.  Therefore,  ships  my  be  broken 
down  into  groups  with  similar  characteristics  of  non -uniformity  of 
the  created  velocity  field. 

In  considering  only  single- shaft  and  double-shaft  seagoing 
ships,  the  following  groups  should  be  separated:  with  stern-post 

frame  (closed  stern),  without  stern-post  frame  (open  stern),  with 
propeller  struts,  with  shaft  bossing. 

Block  coefficient  8 and  coefficient  ‘t  which  reflects  the  shape 
of  stern  frames  may  be  used  as  parameters  characterizing,  the  stern 
formations  of  a single  shaft  ship.  A method  for  '‘ctenuining 
coefficient  rt  is  shovu  in  figure  2*5. 
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long  5 l.wJi  nft  1 
central  p 1 cue 


Fig.  j;stov..trj1  the  fr  a u shape  ec- 'Ticient 


ltd  at  ion  bou.een  ;<■  rieni  \:  1 
t .v  • ; ■ i ga  y.  !'_\,R.ca 


Moderately  U-shope  0.1  - 0.3 

Modera.  t-dy  V-shapc  ........  0.3  - 0. It 

V-tl:  .-.pi: O.h 

typical  nominal  velocity  fi elds  in  the  area  of  the  propeller  for 
single- abaft  iivncport  snips  with  v.  stern  bavins  a stern  post  frame 
(closed  even')  --.re  illustrated  in  Fig.  26  (39). 

Graphs  in  Fig.  26  n,  b,  .and  c nve  plotted  for  ships  which  differ 
by  the  valin-  of  coefficient  'C  refit  cting  the  shone  of  stern  frames 
but  have  the-  ■■<?.  block  coefficient  fc>  , 

Graphs  in  Fig.  ?6  d,  e,  f,  and  g ore?  for  ships  with  different 
values  of  both  coefficients  band  1. 

Jn  l’ig.  27  a and  l>  a?  e shown  nominal  velocity  fields  typical 
for  single-:  h-'ft  transport  ships  with  the  closed  type  of  stern  (37). 
hots  on  non-veifomity  parameters  are  conditionally  ref err- d to  the 
chip  length  along  waterline  L =»  13?. 3 m (300  feet)  and  propeller 

diameter  0 *>  6.1  in  (20  feet),  ^ “ O.Oli  (Fig.  27,  a),  and  also  to 

Id 

L “ 183  m (600  feet)  and  propeller  diameter  1)  *■  6.7  in  (22  feet), 
j * 0.0363  (Fig.  27,  b). 


;■  o of  C"’r 
treio.po.-  •«. 


•i'.'jnl.  \ and 

.nhu.iic:.- 'a-. 


m 


If  the  i-'/l  ratio  does  not  coincide  with  th-  above:  values,  the 
values  of  rad  ii  should  bo  eha>  .yd  accord  in;,  to  forum}  a : 

/ 

i,  i 

", 'i, 

where  r,  1^,  w 0 - relative  radio;,  of  the  propeller,  its  ui a meter, 

an  1 the  ship  Length  rdo;..;  its  vatei  j ii  u, 
respectively , 

Kipurv  it-  shows  lyidc.J  no  :ius‘l  velocity  fields  in  the  arcs  of 
the  propeller  for  two-si..*  ft  transport  ships  (37)  with  various  designs 
of  j.ror.eller  c X no  sure  (be‘t.si».*c,  prc/.-.'Uor  shaft  strut,  co<  il  i nation  of 
both). 

In  Kip.  J>6-^8  on  the  x~ coordinate  is  plotted  angular  coordinate  ta , 


•st-Piottin  . values  of 
position  in  t.a-  plane  of 


angle  6-  is  started  from  the  upper  vertical 
the  propeller  disk  in  clockwise  rotation. 


and  on  the  y-coordinate  relative  axial  V 
Vr-  & 

Vrg  - “ (down)  components  of  the  velocity 


¥ o 

*■  ~ (up)  and  tangential 
field  (V-s'hip  speed). 


Reproduced  from 
besf  available  copy. 
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?6.  dual  vc3  oeity  fields  in  the  area  of  the  propeller 
for  single-shaft  transpoi't  ships  vith  a stern  having 
stern  pest  (closed  typo): 

a.  6 « 0.7,  V- shape  sti-rn  framer. , K 0.55; 

b.  8 " 0.7,  shape  of  stern  framer,  intermediary 
between  V and  U shape,  "X.  *>  0.3$; 

c.  8 * 0.7,  U-chape  stern  frames , “ 0.1 j 

d.  8 15  0.60,  moderate  li-shape  stern  frames, 

< - 0.20; 
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Fig.  26.  Koriinrl  velocity  fields  in  the  area  of  tlic  propeller 
for  r-inelc-f:}:-  i t transport  ships  with  a stern  having 
stern  post  (closed  type): 

e.  & » 0.6^,  moderate  U-thape  stern  frames,  'C  «-  0.28; 

f.  S«  0.75,  moderate  V-shape  stern  frames,  a » 0.35} 


g.  o « 0.80,  moderate  V-shape  stern  frames,  rv'  >■•  O.iiO. 


\fv_ 


Fif>  27.  Nominal  velocity  fields  in  the  ore  a of  the  propeller 
for  a single-shaft  transport.  chip  with  a stern  that 
is  without  a stern  port  frame  (open  type):  a.  moderate 
V-  and  U-shnpe  stern  frames;  h.  V-shapo,  moderate 
V-shar>3,  and  U- share  stern  frames. 
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of  a propeller  cpr- > ti n;;  in  n=  nilo; flow 

As  ::-f  of.  in  the  diepr.--:-  of  v«  .'on-*  ties  of  Made  cl  rv  nis  in  a irvj- 
uniform  J 3 (.'it;,  '/>‘)}  in  the  i:.  nt  of  1 i-  >.  cd.r.r&ctejv.vod  by  th; 

rui^j  v of  hi.  Co  turn  to  inn  ouf.uJ nx  pc>«J  U on  1,  the-  direct* on  of  I'll o\r 
incidence  j;  detei  mint'd  by  the  aurle  J?  « /:(<'■). 

M i "X  ' (73) 

1 » i i', 

;ir 

V - Vf  - V-f 

where  V - ship  speed,  A*-  ; v^»=  -/-■  ; V-,  «•  --V  4 

The  inrtontaneour.  value  of  th  :•  advance  ratio  of  the  element: 


Co 


Fi cm  the  forefoinp  (toe  Sect! c.r*  l),  it  follows  that  knowing  the 
anr.le  of  r-ivanoe  ratio  ;i  of  ru»  r-3 onont  is  sufficient  for  deterwinin;; 
the  hydrodyn'-ni c load  on  the  propel? cr  in  it:  operation  in  a uniform 
incident  fJ <<••:♦  vnen  tin.  relation  bcU:oen  the  characteristics  of 
external  f.lov  and  (.enc-reted  hydrodyiucidc  force  in  expressed  with  the 
help  of  simple  formulas  based  or.  the  vortical  theory  of  an  optimum 
propeller. 

It  is  impossible  to  establish  similar  <*• -pen-iencca  for  a 
propeller  operatin’  in  a non-uni f orm  incident  flow  without 
introducing  additional  co.vrr.pt:! ens,  because  of  the  complexity 
of  deteri.i.i  n.i  i.f;  induce  J velocity  The  vor  tied  system  of  a 
propeller  in  a non-unifom  velocity  field  in  character.! nr-d  by 
the  prc-sencc  of  free  radial  and  bciieoidal  vortexes  which  are 
caused  by  periodical  change  of  the  circulation  of  the  adjoined 
vortical  system  and  which  induce  at  the  area  of  velocity  system 
adjoinment  and  affect  the  intensity  of  its  circulation,  hence, 
there  is  a mutual  effect  of  the  adjoined  arid  free  vortical 
systems  which  depends  on  the  characteristics  of  the  incident 
flow  non-uniformity.  Considerably  more  complex,  an  compared 
with  operation  of  a propeller  in  r uniform  flow,  is  the  mutual 
hydrodynamic  effect  of  propeller  blades.  Since  propeller 
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Thy  r.oi't  widely  u't-.d  if-  + hr-,  hv.ootl.ct-u??  of  a quasi  stationary 
st-.: orsin,,  to  ..him  ih  iwtMniane.-us  hydrndyn-  mic  forcer- 
c;.-.-: tho  cier-.-ent  of  s pvpeilor  blade  in  a no:;- uniform 
vc-ic . i v field  «:•  c equivalent  to  the  r>t/.tic-nar/  force.-,  acting  on 

the  c'u-rvvi  ou/'-n.-  the  i ration  of  a propel 3 er  in  a \mifcr.n 

vclc  -ity  f sold  u:.i;  the-  coo ••- : li n.*i  that  the  instant?. noons  and 
stati .--v  ry  vclocit'.::  of  e;-f  . 1 flow  and  the  angle.-,  cf 

inca-.--.ee  5n  belt  c-.  ;.cs  are  e.u/.i . 

lwt  un  »n.:ly:  > tijuntion  ('(h)*  Baaed  on  the  hypotheses  of  a 
quasi  ;>!  s!.i  o.nuv  ? ;.<•■  ■<  c for  a p-c/puj 3 er  operating  in  a non-vnifo)  n 
ve3 o«.lty  Meld.  (V.  -■  Y,  (->}  and  V,y  - V-y  (<>)),  with  (V‘  t’-l  the 
depend i arc  of  the  : y.Vodyr.:  mic  force  (for  the  c3.es- rut  of  the 
blf.di  ) on  the.  .in?/.  .. f.. rn-r-ua  valid.!  of  the  advance/dir;  .oter  ratio 
A . r / (<'•  } will,  bo  the  ?'•'■"£  for  a propeller  operating  in 

P'J  p i ^ _ 

a uiiif ;-.  velocity  when  V,  11  V,  (<H  ) ■»  const  end  Vy  =*  Vy  (6i  ) » const. 

a a i i 

Vht.r.  I-:---  b.'  -Me  in  roved  into  \»>;-.Uion  0*  R Or,,  the  dependence  of  the 

hyd;  o ,.•?.-••  k l*r> ?.*c>  cm  the-  vsii-e  of  the  inM-entfUioou?;  rdvi-nce/d i .••'voter 
ratio  \ j • coi  r-.  r.n  ■;  l to  the  c< ■:.■  ii l ions  of  pj op*,  i 1 er  operation  in  a 
vnif \ • -loci tv  field,  win. -a  V *-  V (On)  «*  const  and 

V-  '•  \.c  (e.J  « cc.nsL,  etc. 

'ji.u-  , the  iuh  -nh-ction  of  the  quhwir.ta li onary  r.tuto  h.v pother, i r, 
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propel  Ji./  op- retie,-  in  a ron-uui/orm  velocity  field  it 

po.-.'/.M'-  to  uj-.e  t.l.c  relation:-;  existing  bitvc-n  the  p-' -t-rrs  of 
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j 

i 


6? 


The  calculation  method  based  on  this  principle  was  developed  by 
I.  Ya.  Miniovich  (3).  According  to  the  hypotheses  of  a quasista- 
tionary state,  the  condition  which  is  both  necessary  and  sufficient 
for  equality  of  hydrodynamic  forces  acting  on  the  blade  element  in 
uniform  and  non-uniform  velocity  fields  is  the  equality  of  the 
stationary  advance/diameter  ratio  ft  and  the  corresponding 
instantaneous  value  of  the  advance/pdiameter  ratio  determined 

by  equation  (71*). 


The  latter  can  be  presented  in  the  form: 

X - X — ^ . 

po  i-^ 


(75) 


where  = l — - coefficient  of  the  nominal  axial  wake; 

= = — - coefficient  of  the  nominal  tangential  wake. 

1 Qr  nr  V 

According  to  Figure  29,  it  may  be  considered  that  at  the  moment 
of  time  being  considered,  the  blade  element  is  rotating  at  some 
conditional  angular  velocity  12. 1 at  rpm  n',  which  corresponds  to 
the  actual  tangential  velocity  of  flow  Hr  - - Hr  (1 

The  values  of  Hand  n'  are  found  with  the  help  of  the  following 
formulae : 


In  contrast  to  angular  speed  of  propeller  rotation  57  and  rpm  n, 
the  values  of  12'  and  n'  are  variable  with  time,  and  in  a general 
case  depend  on  the  radius  at  which  the  element  of  the  blade  is 
being  considered.  When  the  tangential  component  of  the  wake 
velocity  is  zero,  values  of  & ' and  n'  coincide  with  values  of 
3 ■ and  n. 


If  the  thrust  of  the  element  in  a non-uniform  flow_is  denoted 
by  dP^  and  the  thrust  in  a uniform  flow  is  denoted  by  dP^ , then 

according  to  the  hypotheses  of  a quasistationary  state,  dP^  * dP^ 


with  ftp  • ft^  or,  transforming  into  nondimens ional  form  and 
taking  into  account  formula  (76),  we  obtain: 


iPx  _ dPx 
|> (n')*  D*  pn ’D* 


From  this  formula: 


(77) 


1 
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where : 


(ip-)  ( 


By  integrating  formula  (77)  as  a function  of  radius,  we  obtain 
the  value  of  propeller  blade  thrust  for  a random  angular  position: 


l>,  (I 


where  rQ  - relative  radius  of  the  propeller  hub. 

Similarly  the  torsional  moment  of  the  propeller  blade: 


Al,  I *1*0*  dr. 


( /a  ) / ««S|  t,\  \ 

The  values  \ <ir  I,  " and  ( & ) “''V  , which  characterize  the 
elementary  thrust  and  torsional  moment  of  an  individual  blade  are 
determined  by  calculations  using  the  vortical  theory  of  the  hydro- 
dynamic  characteristics  of  a propeller  operating  in  a uniform 
velocity  field  and  the  advance/diameter  ratio  kpU  a l 
as  shown  in  Section  1.  1 ~ A ' 


For  calculations  not  requiring  high  accuracy,  which  also 
include  strength  calculations  of  propeller  blades  subjected  to 
the  action  of  cyclic  loads,  it  is  permitted  to  substitute  the 
action  of  the  blade  by  the  action  of  the  element  located  at  the 
center  of  pressure,  i.e.,  at  the  radius  R , called  the  equivalent 
radius. 

Formulae  (78)  and  (79)  in  this  case  will  be  in  the  form: 

»*,- (80) 

•'»,  ( ■--*«».)***  (81) 


where  K1  and  Kp  - coefficients  of  thrust  and  torsional  moment 
of  the  entire  propeller. 


and  are  determined  by  the  curves  of  propeller  action  in 
free  water  under  the  condition  that: 


A A 


I — - 


where  p and  Mi^p  “ coefficients  of  axial  and  tangential 

a 1 0 nominal  wakes  at  the  equivalent  radius 

V ir  - °-67' 


Calculation  by  formulae  (80)  and  (81)  is  less  time  consuming 
since,  in  this  case,  calculations  based  on  the  vortical  theory  of  /6l 

load  distribution  along  the  radius  and  subsequent  integration  of 
hydrodynamic  forces  along  the  blade  are  not  necessary. 

Formulae  (78)  and  (79)  as  well  as  (80)  and  (81)  are  used  for 
determining  varying  hydrodynamic  forces  on  propeller  blades  in 
engineering  strength  calculations  for  conditions  of  cyclic  loads. 

Formulae  (78)  and  (79)  take  into  account  more  accurately  special 
features  of  the  non- uniformity  of  the  velocity  field  for  a 
specific  ship.  It  is  expedient  to  use  formulae  (80)  and  (81) 
for  rough  estimates  of  variable  hydrodynamic  forces. 

A number  of  studies  may  be  mentioned  which  were  carried  out 
during  past  years  (e.g.,  (36)  and  (19) ),  the  data  of  which  testify 
that  it  is  expedient  to  introduce  some  corrections  into  formulae 
(78)  - (81)  in  order  to  improve  accuracy  in  the  calculation  of 
hydrodynamic  forces  acting  on  the  blade.  First  of  all,  it 
concerns  defining  more  precisely  the  effect  of  the  angle  of  flow 
incidence  on  the  propeller. 

The  coefficient  of  tangential  nominal  wake  in  equations 
(78)  - (81)  is  in  general  determined  by  the  inclination  of 
incident  flow.  F.  Gutsche  (36),  on  the  basis  of  results  of  his 
systematic  experimental  studies  of  the  hydrodynamic  characteristics 
of  propellers  in  an  inclined  flow,  considers  it  expedient  to  present 
formula  (75)  in  the  form: 


The  values  of  coefficient  C«2  was  determined  from  conditions 
of  similarity  of  calculated  and  experimental  data. 

A similar  conclusion  on  the  necessity  of  increasing  the 
variations  of  the  advance/diameter  ratio  as  compared  with  that 
determined  by  the  hypotheses  of  quasistationary  state  in  the 
operation  of  a propeller  in  an  inclined  flow  was  reached  by 
V.  B.  Lipis. 

Taking  into  consideration  the  above  discussion,  it  seems  to  be 
expedient  to  introduce  corrections  also  into  formulae  (78)  - (8l). 
Based  on  systematic  calculations  and  comparing  them  with  the 
available  experimental  data,  it  was  found  expedient  to  present 
formulae  for  calculating  the  hydrodynamic  load  on  propeller 
blades  in  the  following  form: 
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Pi^pn'D'  dr, 

l 

Mi  = P n-Db  I'  ( I - C>,)2  • ( j dr 


(82) 


or 


l>,  -C^fKi. 


(8 
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taking  into  account  that 


1 


“ft. 


1-C~  V, 


where  coefficient  C«<1.5. 


Formulae  similar  to  (83)  are  further  used  for  determining  the 
variations  of  hydrodynamic  load  acting  on  the  blade  for  calculating 
the  cyclic  strength  of  a propeller  operating  in  a non-uniform 
velocity  field. 

It  should  be  noted  that  for  single-shaft  transport  and 
industrial  ships,  where  the  non-uniformity  of  the  velocity  field 
is  created  mainly  by  the  axial  component,  the  effect  of  flow 
inclination  is  not  as  clearly  pronounced.  Therefore,  individual 
calculation  results  by  formulae  (80),  (8l),  and  (83)  may  differ 
slightly  from  each  other. 


A more  significant  effect  of  flow  inclination  is  manifested  in 
the  creation  of  non-uniformity  of  the  velocity  field  at  ship 
propellers  in  the  case  of  two-shaft  or  multi-shaft  ships  with  a 
transom  stern,  and  also  at  propellers  of  high-speed  ships  with 
extensive  inclination  of  the  line  of  shafting.  In  such  cases,  it 
is  necessary  to  define  more  accurately  the  hydrodynamic  forces 
determined  on  the  basis  of  the  quasistationary  state  hypothesis. 

The  component  of  hydrodynamic  load  caused  by  the  inclination 
of  incident  flow  also  includes  additional  forces  emerging  at  the 
propeller  blades  as  a result  of  pitching  and  rolling  on  the  high 
seas.  It  is  expedient  to  calculate  these  hydrodynamic  forces 
also  by  formulae  (82)  and  (83). 
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Section  8.  Strength  Calculation  of  Propeller  Blades 
In  the  Presence  of  Variable  Load3 


The  formulae  (78)  - (83)  obtained  above  are  used  for  determining 
external  forces  in  engineering  strength  calculations  of  propellers 
under  the  action  of  variable  loads.  These  formulae  can  be  used  if 
the  following  data  are  available: 

action  curves  of  the  propeller  tested  in  free  water; 

parameters  determining  the  main  geometrical  elements  of  the 
propeller  (diameter,  number  of  blades,  characteristics  of  their 
cross  sections)  and  the  regime  and  conditions  of  propeller  opera- 
tion (rpm,  ship  speed,  etc.); 

information  on  the  distribution  of  the  nominal  wake  behind 
the  ship  hull  in  the  propeller  disk;  if  such  information  for  the 
ship  being  considered  is  not  available,  the  approximate  charac- 
teristics of  non-uniformity  of  the  ship’s  velocity  field, 
discussed  in  Section  6,  may  be  used. 

The  initial  data  listed  above  make  it  possible  to  calculate 
the  instantaneous  values  of  the  thrust  and  torque  of  the  propeller 
blade  for  a number  of  its  angular  positions  during  one  full  revolu- 
tion. In  particular,  the  extreme  values  of  thrust  and  torsional 

of  the  blade  tP1  max  “O  P1  min'  M1  max  H!  min>  “ vel1 
as  the  amplitude  variations  of  the  thrust  and  torsional  moment  of 
the  blade  during  one  revolution  are  determined: 

P » ~ (Pi  m.x  min)'  I 


or  in  dimensionless  form: 

hKi=s~(K,m.»  kimin).  (8U) 

&Kz  ” “ (^2  max  k j in  In)* 

Calculations  and  experimental  determination  of  the  vibration 
frequencies  of  propeller  blades  in  water  show  that  the  ratio  between 
natural  vibrations  of  blades  and  those  forced  by  hydrodynamic  forces 
during  the  operation  of  a propeller  in  a non-uniform  flow  behind  a 
ship  hull  is  such  that  the  critical  frequencies  are  much  higher  than 
the  frequencies  induced  by  forces  corresponding  to  operational 
regimes.  Therefore,  if  hydrodynamic  loads  acting  on  the  blades  of 
a propeller  operating  behind  a ship  hull  are  of  periodical  character, 
then  the  stresses  and  deformations  will  change  with  the  same 
periodicity  (with  a coefficient  of  dynamic  character  equal  to  one). 
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Taking  into  consideration  the  proportionality  between  external  loads 
and  the  stresses  created  by  them,  as  well  as  the  character  of  the 
variation  of  external  forces  during  one  revolution  of  a propeller, 
the  stresses  in  cross  sections  of  a propeller  may  be  presented  as 
varying  according  to  an  assymmetric  cycle  consisting  of  a constant 
average  stress  within  one  cycle  ^m  and  a stress  periodically  varying 
with  the  amplitude  o^.  Since  the  study  of  fatigue  is  carried  out 
with  a sinusoidal  form  of  the  stress  curve,  and  the  result  obtained 
are  applicable  without  any  corrections  to  other  laws  of  their 
fluctuations,  then  analogically  it  is  considered  that  the 
frequencies  and  amplitudes  of  cyclic  stresses  in  propeller  blades 
are  stipulated  by  the  amplitudes  and  period  which  are  characterized 
by  the  parameters  of  wake,  and  fluctuation  of  the  thrust  and 
torsional  moment,  according  to  a harmonic  law. 

In  order  to  obtain  the  dependence  for  evaluation  of  stresses  /bh 

under  condition  of  assymmetric  cycle,  let  us  use  experimental 
results  of  testing  the  cyclic  toughness  of  structural  materials  (22). 

Data  of  these  studies  make  it  possible  to  formulate  the  following 
hypotheses : 

the  maximum  amount  of  work  absorbed  by  the  material*  without 

*by  the  term  material,  a metallic  alloy  is  understood. 


failure  because  of  hysteresis  phenomenon  is  a constant  value  which 
does  not  depend  on  the  assymmetry  index  of  the  cycle; 


with  stresses  equal  to  the  fatigue  limit,  the  width  of  the 
hysteresis  loop  is  proportional  to  the  maximum  stress  of  the  cycle. 


From  the  first  hypothesis  it  follows  that  if  for  some  material 
the  area  of  hysteresis  loop  corresponding  to  the  fatigue  limit  of 
symmetrical  cycle  S^.  is  equal  to  some  quantity,  then  for  the  same 
material  this  area  at  some  maximum  stress  in  the  assymmetric  cycle 
will  be  equal  to  the  same  quantity.  If  we  denote  by  Ss  the  area  of 
the  initial  hysteresis  loop  for  maximum  stresses  of  an  assymmetric 
cycle  with  an  assymmetry  index  s,  then  based  on  the  first 
hypothesis 


and  because 


S„  « S„  • const, 
w s 

K 


(85) 


i 


i 

j 

i 

j 
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where  A - the  width  of  the  hysteresis  loop,  then  based  on  the 
w second  hypothesis,  we  obtain 


A Ho  ,, 

u • I 


(86) 


From  formulae  (85)  and  (86)  it  follows: 


s, 


(8?) 


where  A and  B are  proportionality  coefficients. 


For  an  assymmetric  cycle  with  components  of  maximum  stress 

<r  and  c f . according  to  the  first  hypothesis  S - A <T  Aa,  where 
m a s & & 

A - cyclic  toughness  of  the  material  with  an  assymmetric  cycle; 

according  to  the  second  hypothesis  A ■ B (d'  ♦ 6*  ),  and  therefore 

a m a 

•V  (88) 

However,  according  to  the  first  hypothesis,  S » S • const, 
and  comparing  equations  (87)  and  (88),  we  obtain: 

i <W  (89) 


This  is  the  desired  expression  connecting  the  fatigue  limit  in 
a symmetric  cycle  with  components  of  .naximum  stress  in  an  assymmetric 
cycle,  when  the  average  stress  of  the  cycle  is  positive,  i.e., 
tension.  The  right  part  of  formula  (89)  can  also  be  expressed 
through  extreme  stresses  of  the  cycle  taking  into  account  that  the 
average  and  the  amplitude  stresses  are  related  according  to  the 
following  dependences: 

rr  _ _ flmax  Amin  „ __  OmJi  — Ojnfn 
2 afl“~  2 ’ 

In  this  case,  equation  (89)  will  acquire  the  form  of: 


- oJ  — o 

— • ma* 


(90) 


It  should  be  noted  that  the  obtained  dependences  (89)  and  (90) 
are  only  approximate  but  the  resulting  error  is  negligible  and 
contributes  to  a safety  factor  increase,  which  is  supported  by 
numerous  experimental  data.  The.  advantage  of  formulae  (89)  and  (90) 
is  in  the  fact  that  they  provide  the  possibility  of  evaluating 
variable  stresses  at  any  number  of  cycles  by  a single  property  of 
the  material,  i.e.,  the  fatigue  limit  with  a symmetrical  cycle. 
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When  equations  (89)  and  (90)  are  used  for  calculating  of  cyclic 
strength  in  the  case  of  a simple  asymmetric  cycle,  they  can  be 
presented  in  the  following  form: 


n 


V 


(91) 


Qj 

nT 


(92) 


where  nv,  Hj  - safety  factors; 

6 ^ - fatigue  limit  of  material; 

d*  - yield  point  of  material, 
s 

Either  of  formulae  (91)  limits  to  a certain  extent  the  amplitude 
and  the  average  or  extreme  stresses  of  an  asymmetric  cycle  if  a 
specific  part  is  designed  for  cyclic  strength.  Fulfillment  of  this 
requirement  guarantees  the  absence  of  fatigue  failures  of  the  struc- 
ture designed  with  various  safety  factors.  Formula  (92)  determines 
the  maximum  stress  of  the  cycle  with  a permissible  safety  factor, 
which  if  exceeded  does  not  guarantee  the  absence  of  residual  strains 
in  the  part.  Consequently,  formula  (92)  expresses  the  condition  of 
static  strength  of  the  blade,  while  formulae  (91)  evaluate  cyclic 
strength. 


In  some  cases,  it  is  more  convenient  to  perform  calculations  by 
using  equations  that  show  the  relationship  between  external  load  and 
the  cross-sectional  dimensions  of  the  part  being  designed.  To 
calculate  bending  stresses  in  propeller  blades,  the  extreme  values 
of  thrust  and  torsional  moment  on  the  propeller  blade  may  be 
considered  to  be  known  or  the  maximum  and  minimum  bending  moments 
in  the  cross  section  may  be  considered  to  be  known  in  design 
calculations  of  a specific  cross  section.  Thus, 


v 


Mmln 

V 


Substituting  expressions  for  extreme  values  of  stresses  into 
(91),  we  obtain  a formula  for  calculating  the  section  modulus: 


w 


°_l  I 2 


or 


r it ,/ 


S-  I 
2S 


(93) 


where 


S 
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From  formulae  (91)  and  (93),  it  follows  that  for  the  evaluation 
of  the  cyclic  strength  of  propeller  blades,  it  is  necessary  to  know 
the  magnitude  of  constant  and  symmetrically  fluctuating  component  of 
a load  in  an  asymmetric  cycle  or  to  know  the  maximum  and  minimum 
stresses  for  this  cycle. 

To  determine  those  stresses,  it  is  expedient  to  proceed  from 
those  principles  on  which  generally  accepted  calculation  methods 
of  static  strength  are  based. 

It  was  determined  by  experimental  methods  of  studying  the  state 
of  stress  using  models  of  ship  propellers  that,  independently  of 
their  geometrical  characteristics,  the  most  stressed  areas  of  blades 
are  those  with  greater  thickness. 

This  makes  it  possible  to  assume  that  it  is  expedient  to 
perform  strength  calculations  only  for  thicker  cross  sections  and 
to  use  as  the  initial  method  the  one  discussed  in  Section  h.  In 
such  a case,  the  load  of  the  blade  caused  by  constant  components 
of  the  thrust  and  torsional  moment  is  determined  by  formulae  (38), 

(U5)  or  (UO),  (Ul),  (U7),  (U8),  while  the  variable  components  are 
found  by  subsequent  calculation  of  the  amplitude  values  of  fluctuat-  /67 
ing  thrust  nd  torsional  moment  using  formula  (8U),  as  was  discussed 
in  Section  7. 

The  average  value  of  the  periodically  changing  component  of 
an  assymmetrical  cycle  of  stresses  is  calculated  by  the  following 
general  formulae: 


Fig.  30.  Calculation  of  cyclic  strength  of  propeller  blades 
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The  only  difference  is  that  in  calculating  average  stresses, 
the  bending  moments  Mp  and  Hp  calculated  for  the  average  values  of 
thrust  and  torsional  moment  of  the  blade  are  substituted  into  this 
formula.  In  calculating  the  maximum  and  minimum  stresses  (^max^min^ 
of  an  assymmetric  cycle,  the  values  of  bending  moments  obtained 
for  the  operation  of  a propeller  under  conditions  of  a non-uniform 
velocity  field  are  substituted  into  this  formula. 


To  illustrate  the  practical  application  of  the  method  discussed 
for  determining  the  cyclic  strength  of  propeller  blades,  let  us 
perform  this  calculation  for  a single-shaft  tanker  with  a closed- 
type  stern,  tonnage  of  li2,000t,  power  of  the  main  engine  10,200  HP, 
and  cruising  speed  of  15.5  knots  at  102  rpm  of  the  propeller. 

Figure  30  illustrates  additional  information  concerning  the 
shape  of  the  propeller  blade. 

Calculation  of  the  cyclic  strength  of  propeller  blades 
comprises  calculation  of  amplitude  values  of  the  thrust  and 
torsional  moment  at  the  propeller  blade  in  operation  in  a non- 
uniform  velocity  field  behind  the  ship  hull  and  calculation  of 
the  static  and  cyclic  strength  of  the  propeller  blade. 


Calculation  of  coefficients  of  thrust  and  torsional  moment  for 
conditions  of  operation  in  a non-uniform  velocity  field  is  presented 
in  Table  9.  Characteristics  of  non-uniformity  of  the  velocity  field 
(coefficients  of  nominal  axial  Ya  and  tangential  H^wake  at  the 

equivalent  radius  equal  0.67R)  obtained  as  a result  of  model  tests 
of  a tanker  in  an  experimental  basin  are  illustrated  in  Fig.  31»  a,  b. 
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Calculation  of  Coefficients  of  Thrust  and  Torsional  Moment 
Created  by  a Propeller  Blade  Under  Conditions  of  Operation 


Also  necessary  for  the  calculations  are  the  curves  of  propeller 
action  in  free  water. 
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Initial  Data  for  Calculating  the  Coefficients  of  Thrust  and 
Torsional  Moment  for  Operation  of  a Fropeller  in  a Non- 
Uniform  Velocity  Field: 


Ship  speed 

Vg,  knots  

V,  m/sec . . . 

Rotational  speed 

V rP* 

n,  rp  sec  

Propeller  diameter  D,  m ..... 

Number  of  blades  in  propeller,  Z 

Equivalent  radius,  RQ  

Advance/diameter  ratio  (determined 
by  speed  of  the  ship) 


15.5 

7.98 


102 

1.7 

6.5 

It 

0.67 


0.722 


Figure  32  illustrates  a comparison  between  results  of  calcula-  /69 
tions  performed  according  to  the  discussed  method  (after  recalculating 
on  stresses  actually  present  in  the  blade)  and  stresses  measured  in 
the  blade  of  a real  propeller  operating  in  a non-uniform  velocity 
field  behind  the  hull  of  a tanker.  By  comparing  curves  1 and  2,  it 
follows  that  the  character  of  variation  of  stresses  in  the  propeller 
blade  determined  by  both  experiments  and  calculations  is  the  same 
and  that  their  amplitude  values  are  also  in  satisfactory  agreement. 

The  amplitude  values  of  thrust  and  torsional  moment  fluctuations 
on  the  propeller  blade  are  necessary  (in  the  form  of  dimensionless 
coefficients)  as  initial  data  for  performing  the  following  stage  of 
calculation,  i.e.,  calculation  of  the  static  and  cyclic  strength  of 
blades.  To  perform  these  calculations,  the  following  data  are  needed: 
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Propeller  diameter,  m 
Number  of  blades  . . 


D 


I 


I 

i 

i 

t 

i 

f 

i 

t 

* 
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Rotational  speed,  rpm  . 

Constant  component  of  coefficient  of  thrust  . . . 

Constant  component  of  coefficient  of  moment  . . . 

Amplitude  of  fluctuation  of  coefficient  of 

thrust  (from  Table  9)  ....  • 

Amplitude  of  fluctuation  of  coefficient  of 

moment  (from  Table  9)..  

Relative  radius  of  propeller  hub  

Propeller  materials 

2 

tensile  strength,  kg/cm  . 

yield  point,  kg/cm^  

fatigue  limit  in  corrosive  medium  


Z 


*1 

K2 


1 


i 

-2 

/70  j 


A /Ci  — (/Cj  max  ~ /^l  min) 

2 


A/Cj  — ——  (/C g max  — /C;  min) 


^b 


Fig.  32.  Graph  of  changes  of  stresses  in  the  root  section 
of  a propeller  blade  of  full  size  during  one 
revolution  of  the  propeller:  1.  by  calculation; 

2.  experimental  data. 
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Geometrical  Characteristics  of  the  Cross  Section  Being  Checked: 


Relative  radius  r^ 

P 

Widtv b 


Maximum  thickness,  m ........ 

Fitch  ratio  

Pitch  angle,  degrees . 

Section  modulus  in  respect  to  the  main 
central  axis  for  point  C,  m^  ... 


H/D 

h/d 

V“arctan 

rP 

Wi  (C), 

TaBle  2 or 

(59) 
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Determining  Stresses  Resulting  From  Acting  Forces 


Coefficient  of  bending  moment  caused  by 
action  of  axial  forces  


GP(ra.rt)  (lig.lU) 


Coefficient  of  bending  moment  caused  by 

action  of  tangential  forces cr(70,7p)  (Fig.114) 

1 i 

Constant  component  of  bending  moment  1 1 

caused  by  axial  forces,  kg-m ~ _ 

f 97  f 


Constant  component  of  bending  moment 
caused  by  tangential  forces,  kg-m  . . 

Bending  moment  caused  by  centrifugal 
force,  kg-m  


mt  .4  c 

, 1 T 


I > 


Bending  moment  caused  by  variable 

component  of  axial  forces,  kg-m  . . . c 

1 ^ ) 

Bending  moment  caused  by  variable 

component  of  tangential  forces,  kg-m  . 4«r»AA>«n»(j 


Compression  stress  at  point  C caused  by 
constant  component  of  acting  forces, 
kg/cm^ 

Amplitude  of  variable  stress  at  point  C, 
kg/crn^ 


0 _ (Mp  I j V)  r Mil  V 


lo- 


rn. 


_™sv  ^ aa,t 

at  «> 


si  rt  v 

10- 
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Determining  the  Safety  Factor 

Safety  factor  of  static  strength  in 

respect  to  tensile  strength  ...... 

Safety  factor  of  static  strength  in 
respect  to  yield  point  (taking  into 
account  the  action  of  variable  forces)  ««  — — 

*{'  <*a 

Safety  factor  of  cyclic  strength  ....  »•* 

Safety  factors  of  static  and  cyclic  strength  of  material  are 
selected  in  accordance  with  recommendations  discussed  in  the  follow- 
ing paragraph. 

Section  9.  Determining  the  Safety  Factor  of  Static  and  /72 

Cyclic  Strength' 

In  evaluating  both  the  static  and  cyclic  strength  of  propeller 
blades,  it  is  necessary  to  establish  permissible  stresses  or  safety 
factors. 

Rational  selection  of  permissible  stresses  determines  the 
creation  of  optimal,  from  an  engineering  point  of  view,  design  of  a 
propeller  with  high  hydrodynamic  properties,  possessing  sufficient 
mechanical  strength,  and  requiring  minimum  expenditures  of  material. 
Determining  factors  for  substantiated  selection  of  permissible 
stresses  are  reliable  data  on  the  mechanical  properties  of  the 
propeller  material  and  the  magnitude  of  stresses  emerging  in  the 
propeller  blades  under  operational  conditions. 

In  a general  formulation  of  the  problem,  it  is  difficult  to 
establish  permissible  stresses  in  design  calculation  of  propeller 
blades.  The  complexity  of  solving  this  problem  is  connected  with 
a wide  variety  of  external  forces  acting  on  the  blade  and  with  the 
complex  geometrical  form  of  the  blades.  Changes  in  the  mechanical 
properties  of  materials  depending  on  manufacturing  technology  of 
propellers,  propeller  size  (scale  factor),  presence  of  stress 
concentrators,  effect  of  surrounding  medium,  etc.,  must  be  taken 
into  account.  With  the  present  state  of  the  art  of  analytical 
determination  of  stresses  in  propeller  blades,  the  solution  of  a 
problem  of  this  type  is  practically  impossible. 
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Discussed  below  is  an  approximate  method  of  establishing  the 
safety  factor  which  is  based  on  a differentiated  approach  for 
selection  of  permissible  stresses.  The  principles  of  this  method 
were  developed  by  Corresponding  Member  of  the  Academy  of  Sciences 
of  the  USSR  I.  A.  Oding.  The  idea  and  main  aspects  of  this  method 
as  applicable  to  general  machine  building  are  discussed  in  (22). 

The  essence  of  the  differential  method  consists  in  the  fact  that 
in  determining  permissible  stresses,  the  general  safety  factor  of  /73 

the  structure  being  designed  is  found  as  a product  of  partial 
coefficients  which  take  into  account  the  factors  of  technological 
and  operational  character  which  affect  the  strength  of  the  structure. 

The  general  safety  factor  obtained  in  this  way,  ties  design  stresses 
Cl  with  stresses  which  characterize  either  the  strength  of  the 
material  or  its  deformability.  Analytically  this  may  be  expressed 
by  the  formula: 

(9l) 

The  differential  method  of  determining  the  safety  factor  cannot 
be  called  a simple  method  since  quite  often  difficulties  may  be 
encountered  in  establishing  some  of  the  partial  coefficients.  In 
such  a case,  the  designer  has  to  solve  an  additional  and  quite 
complex  problem.  However,  the  negative  features  of  this  method 
are  fully  compensated  by  the  fact  that  the  designer  obtains  a full 
idea  about  the  elements  which  comprise  the  safety  factor  he  is 
establishing.  Among  the  initial  data  for  calculating  permissible 
stresses,  of  special  importance  are  the  so-called  factor  coeffi- 
cients which  influence  the  general  safety  factor. 

It  should  be  noted  that  the  vast  majority  of  these  partial 
coefficients  are  not  directly  safety  coefficients.  They  determine 
only  the  relative  value  of  stresses  which  were  not  taken  into 
account  in  strength  calculations  or  of  a decrease  in  strength  of 
the  part  under  consideration  which  was  not  taken  into  account  by 
testing  specimens  of  the  same  material. 

There  are  many  reasons  for  the  strength  decrease  of  propeller 
material  as  compared  with  the  strength  characteristics  of  a smooth 
specimen.  These  reasons  are  various  in  their  character.  The 
presence  and  importance  of  causes  of  strength  decrease  may  be 
predetermined  by  the  designer  and  taken  into  consideration  by 
using  factor  coefficients  in  the  calculations. 

Following  the  above  method  (22),  let  us  present  the  general 
safety  factor  of  static  ng  and  cyclic  n/v strength  as  a product  of 
partial  coefficients: 


Actually,  the  safety  factor  is  provided  by  coefficients  3-S1S2, 
where  Si  reflects  the  reliability  of  the  propeller  material  and  S2 
reflects  the  reliability  of  the  ship  propeller  as  a propulsive  device 
as  well  as  the  conditions  of  its  performance.  Coefficients  Si  and  S2 
are  selected  on  the  basis  of  experimental  data,  after  which  they  are 
considered  to  be  kind  of  legitimate.  In  selecting  the  value  of 
partial  coefficient  Si , one  should  distinguish  between  forged  and 
cast  metals.  The  strength  of  test  specimens  cut  out  of  a cast, 
forged,  or  roiled  blank  of  the  part  cannot  fully  and  accurately 
characterize  the  strength  of  the  manufactured  part  as  a whole. 

There  is  even  less  reason  to  judge  the  strength  of  the  entire  part 
by  the  strength  of  a cast  strip  for  specimens.  A ,-art,  particularly 
one  of  complex  geometry,  does  not  possess  the  same  strength  in 
different  areas.  This  is  explained  by  the  heterogeneity  of  material 
structure,  segregation,  beginning  of  rupture  caused  by  non-uniform  /7h 

shrinking,  formation  of  blowholes,  pores,  etc.  These  flaws  are  more 
pronounced  in  cast  metals  as  compared  with  rolled  or  forged  metals. 

For  example,  (22)  recommends  assuming  Si  ■ 1.1  for  forged  metals 
and  Si  ■ 1,3  for  cast  metals,  explaining  this  by  the  presence  of  more 
defects  in  cast  metals,  which  lowers  their  strength  by  30%. 

According  to  the  same  recommendations,  the  value  of  coefficient 
S2  may  be  assumed  to  be  within  the  range  1.15  $1.30.  It  should 

be  kept  in  mind  that  in  most  cases  the  breakdown  of  propellers,  such 
as  breaking  off  of  a propeller  blade,  will  not  result  in  a full 
stoppage  of  the  ship,  since  the  ship  in  such  a case  does  not  loose 
steerability  and  usually  can  reach  the  nearest  port  independently  at 
a lower  speed.  However,  ultimately  it  leads  to  an  increase  of  expense 
and  therefore,  taking  into  consideration  recommendations  of  (22),  it 
is  expedient  to  assume  that  the  value  of  coefficient  S2  is  equal  to 
its  upper  limit,  i.e.,  S 2 ■ 1.30. 

The  effect  of  design  and  calculation  factors  is  characterized 
by  the  coefficient: 

K * K1 Kg  (96) 

where  Ki  takes  into  account  errors  in  calculating  stresses  and  a 
possible  increase  of  stresses  in  the  blade  due  to  pitching  and 
rolling,  because  the  propeller  might  be  only  partially  submerged 
in  rough  sea,  or  with  the  presence  of  trim  difference.  In  addi- 
tion, coefficient  Ki  is  distinguished  for  constant  and  variable 
components  of  hydrodynamic  load  and  stresses  caused  by  this  load. 


Analyses  of  stress  measurements  in  blades  of  actual  propellers 
demonstrate  that  constant  components  of  actual  maximum  stresses  may 
differ  from  those  calculated  by  about  20)1  (using  the  method  discussed 
in  Section  b).  Therefore,  the  minimum  value  of  coefficient  K-|  for 
the  constant  component  of  hydrodynamic  load  and  the  respective  part 
of  stresses  ir.  the  cross  section  of  the  blade  being  considered  may 
be  assumed  to  be  equal  to  1.2. 


The  average  errors  in  calculating  the  variable  component  may 
exceed  those  in  calculating  the  constant  component  of  hydrodynamic 
load.  In  addition,  pitching  and  rolling  of  the  ship  in  rough  seas 
and  incomplete  submersion  of  propeller  blades  lead  to  an  increase 
in  amplitude  values  of  the  fluctuating  hydrodynamic  load.  There- 
fore, it  seems  advisable  to  assume  as  a minimum  value  of  coefficient 
K-)  for  the  variable  component  of  the  load  and  respective  stresses, 

Ki  - 1.3. 

Coefficient  K2  in  formula  (96)  takes  into  account  special 
features  of  design  character  which  influence  the  possibility  of 
stress  concentrations  in  propeller  blades.  In  determining 

numerical  values  of  coefficient  K2,  the  current  tendency  of  , 

making  considerably  more  strict  the  requirements  which  should  j 

be  met  in  the  design  and  manufacturing  technology  of  ship  ■ 

propellers,  especially  in  respect  to  their  surface  finish  and 
the  prevention  of  erosion  damage  of  blades  because  of  cavita- 
tion, is  taken  into  consideration.  The  analysis  of  the  above  /75 

factors  as  applied  to  propellers  of  seagoing  transport  ships  * 

makes  it  possible  to  assume  coefficient  K2  * 1. 

The  effect  of  the  overall  dimensions  of  parts  or  structures  on 
their  strength  is  taken  into  account  by  coefficient  M,  called  the 
coefficient  of  scale  effect.  This  coefficient  can  be  determined 
fully  and  with  required  precision  only  by  judging  the  results  of 
experiments.  It  should  be  kept  in  mind  that  the  coefficient  of 
scale  effect  is  of  ambiguous  character,  i.e.,  its  values  for 
static  and  cyclically  fluctuating  forces  are  considerably  different. 

For  example,  according  to  experiments  on  a number  of  steel  brands 
and  copper  alloys,  the  decrease  of  static  strength  with  increases 
in  part  size  does  not  exceed  10  - lS%.  Therefore,  when  a structure 
is  subjected  to  static  loads  only,  the  coefficient  M may  be  assumed 
to  be  within  the  range  of  1.1  - 1,15. 

Completely  different  results  were  obtained  in  determining  the 
cyclic  strength  of  test  specimens  of  various  dimensions.  In  all 
studies  concerning  the  effect  of  the  scale  factor  of  test  specimens 
on  their  cyclic  strength,  a univalent  conclusion  was  reached, 
namely  that  with  increases  in  the  overall  dimensions  of  a speci- 
ment  the  characteristic  of  cyclic  strength,  i.e.,  fatigue  limit, 
decreases. 
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The  reason  for  this  phenomenon  has  not  yet  been  determined 
accurately.  However,  this  phenomenon  cannot  be  disregarded. 

In  Figure  33,  a,  curves  of  the  decrease  in  fatigue  limit  are 
presented  which  show  the  dependence  of  the  fatigue  limit  on  the 
diameter  of  test  specimens.  Curve  1 was  obtained  by  Ler  in 
testing  a round  specimen  in  cyclic  bending.  Curve  2 was 
suggested  by  Faulhaber  and  is  based  on  his  experiments  in 
bending  round  steel  specimens.  Curve  3 was  obtained  by 
Meilender  and  represents  the  dependence  of  the  fatigue  limit 
on  the  diameter  of  a specimen  in  torsion.  Finally,  Curve  h 
was  plotted  according  to  results  of  cyclic  bending  tests  and 
was  suggested  by  Uzhik. 

Figure  33,  b,  illustrates  curves  that  show  the  effect  of  the 
overall  dimensions  of  specimens  on  their  strength.  These  curves 
were  obtained  by  S.  V.  Serensen  and  represent  in  the  best  way  the 
modern  test  data. 

According  to  tradition,  until  now  the  strength  of  ship  propeller 
blades  was  calculated  only  for  the  action  of  averaged  hydrodynamic 
loads.  Therefore,  in  publications  concerning  studies  of  the  physical 
and  mechanical  properties  of  propeller  materials,  the  effect  of  the 
overall  dimensions  of  specimens  on  the  fatigue  properties  of  materials 
was  not  reflected  at  all.  However,  individual  studies  of  the  cyclic 
strength  of  copper  alloy  specimens  with  cross  sections  which,  in 
area,  differ  by  one  order  from  standard  size  specimens  demonstrate 
p that  in  this  case  also  a decrease  in  fatigue  strength  takes  place,  /76 

the  same  way  as  was  observed  in  the  case  of  steel  specimens.  Thus, 
coefficient  M,  taking  into  account  the  scale  effect  in  evaluating 
the  cyclic  strength  of  the  material  of  propellers  of  various 
diameters  (and  therefore  of  various  blade  thicknesses)  may  be 
assumed  to  be  within  the  range  of  1.0  - 1.5. 

The  effect  of  technological  factors  on  the  state  of  stress  of 
the  workpiece  is  determined  by  coefficient  T ■ T-jTp,  where  Ti  takes 
into  consideration  the  surface  finish  and  Tg  takes  into  account  the 
presence  of  residual  stresses. 
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Fig.  33.  Diagrams  illustrating  the  decreas*  of  fatigue  limit 
in  bending  depending  on  the  specimen  diameter  and 
the  presence  of  stress  concentrators:  a.  curves  of 

f fatigue  limit  decrease  depending  on  the  specimen 

diameter;  b.  curves  of  the  effect  of  overall  dimen- 
j sions  of  specimens  on  their  fatigue  limit.  1.  carbon 

steel  without  stress  concentrators;  2.  alloy  steel 
i without  stress  concentrators;  3.  carbon  steel  with 

| an  average  stress  concentration;  It.  alloy  steel 

i with  high  stress  concentration. 


The  effect  of  surface  damages  and  the  quality  of  surface  machining 
on  the  general  strength  of  a structure  subjected  to  alternating  load  is 
quite  considerable.  It  was  proven  with  sufficient  reliability  that 
this  effect  is  more  pronounced  for  materials  with  higher  strength,  /77 

Table  10  shows  the  variation  of  relative  values  (in  percent)  of  the 
fatigue  limit  of  various  steels  in  bending  depending  on  the  surface 
finish  of  specimens.  In  accordance  with  (22),  the  value  of  coeffi- 
cient T;  may  be  approximately  determined  using  the  equation 
T;  * 1 ),  where  (cCi  ) - absolute  value  of  the  material’s 

fatigue  limit  in  symmetrical  reversed  bending;  oO  - coefficient 
depending  on  the  surface  finish  of  the  workpiece  (for  polished 
surface  0;  for  ground  surface  - O.COlj;  for  surfaces  with 
negligible  traces  of  cutting  tool  - 0.006;  for  roughly  machined 
surface  - 0.01;  for  corroded  surface  - 0.02). 
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Since  for  propellers  made  of  LMtsZh55-3-l  the  value  6^i*9  kg/mm^, 
coefficient  cp  may  be  assumed  to  be  0.C05.  Therefore  we  obtain 

T ■ 1 ♦ 0.005.9  asl.05 

Coefficient  T2  also  should  be  used  in  calculations  of  both  the 
static  and  cyclic  character  of  acting  forces.  In  contrast  to  other 
coefficients,  coefficient  T2  may  be  above  and  below  one.  This 
depends  on  the  sign  of  residual  deformations  in  the  cross  section 
where  acting  stresses  are  determined.  If  the  stress  signs  coincide 
the  value  of  T2  will  exceed  one,  while  in  case  of  opposite  signs 
coefficient  T2  may  be  less  than  one. 

Under  actual  conditions,  residual  stresses  may  be  eliminated  by 
stress  relief  heat  treatment.  Technical  specifications  and  instruc- 
tions make  performance  of  this  operation  compulsory.  However,  as  a 
rule,  it  is  impossible  to  fully  eliminate  residual  stresses  even 
with  slow  cooling  after  soaking. 

Table  10.  Dependence  of  the  Fatigue  Limit  {%)  of  Steels  in  Reversed 
Bending  on  the  Surface  Finish  of  Test  Specimens 


Surface  finish 

Tensile  atrengtt 
kg/rsn2 

» °b» 

47 

* 

142 

Fine  polishing 

100 

!0O 

100 

Rough  polishing  or  superfinish 

95 

93 

90 

Fine  grinding  or  fine  oiachining 

91 

90 

88 

with  cutting  tool 

Rough  grinding  or  rough  machining 

90 

80 

70 

, Rolled  with  presence  of  scale 

70 

50 

35 

In  presence  of  corrosion  in  fresh  water 

60 

36 

20 

In  presence  of  corrosion  in  salt  water 

40 

23 

13 

It  was  determined  experimentally  that  in  steel  shafts,  which  are  of  a 
simple  geometrical  form,  residual  stresses  after  normalizing  may  reach  /78 
15  - 20%  of  the  yield  point  (22).  It  may  be  assumed  that  these 
stresses  will  be  even  higher  in  a ship  propeller  of  complex  geometri- 
cal form.  Individual  measurements  of  these  stresses  on  completely 
machined  propeller  blades  confirm  this  assumption,  showing  that  in 
some  cases  the  magnitude  of  residual  stresses  reaches  30  - )j 0%  of 
the  yield  point.  This  makes  it  possible  to  conclude  that  with  the 
present  state  of  the  art  of  the  manufacturing  technology  of  propellers 
and  in  the  absence  of  reliable  and  sufficiently  complete  information 
on  the  level  of  residual  stresses  in  propellers  of  various  diameters, 
the  minimum  value  of  coefficient  Tp  should  be  assumed  to  be  1.3. 

The  above  considerations  make  it  possible  to  establish  approxi- 
mate values  of  partial  coefficients  which  determine  the  general 
safety  factor. 
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Substituting  assumed  values  of  partial  coefficients  into 
expression  (95),  we  obtain  a coefficient  of  static  strength: 

sts.K,KMrj.  i,:;.  i,:i.  1,211,1511,3.  3,0-1; 
coefficient  of  cyclic  strength 

n l.:t  1,3  1,3  11,2  1,051,3  3, CO. 

The  values  of  general  safety  factors  obtained  should  be 
considered  to  be  the  lowest  values.  The  most  reliable  data 
concerning  the  value  of  the  necessary  safety  factor  may  ba 
obtained  either  by  testing  models  of  propellers  under  condi- 
tions approaching  those  of  actual  service  or  by  systematic 
measuring  of  stresses  in  full  size  propellers  under  various 
service  conditions.  This  does  not  mean  that  strength  calcula- 
tions without  taking  into  account  the  form  of  the  workpiece, 
loading  regimes,  dynamic  strength  properties  and  consequent 
strength  safety  factors  established  by  verifying  calculations 
of  propellers  designed  and  being  used.  Such  a conditional 
calculation  does  not  make  it  possible  to  evaluate  the  effect 
on  strength  of  the  most  important  factors  which  are  always 
present  under  service  conditions.  As  a result,  such  a calcula- 
tion does  not  make  it  possible  to  correctly  select  means  for 
increasing  the  strength  of  a workpiece  being  designed. 

It  is  expedient  to  establish  the  relation  between  the 
calculated  static  strength  safety  factor  in  respect  to  the 
yield  point  and  the  safety  factor  usually  used  in  respect  to 
the  tensile  strength  of  material. 


For  example,  for  LMtsZh55-3-l  brass  the  tensile  strength 
65  * I48  kg/mm^  while  its  yield  point  is  <?s  ■ 19  kg/mm^.  Taking 
into  consideration  that  the  safety  factor  in  respect  to  the 
yield  point  ns  » 3.0h,  let  us  determine  the  magnitude  of 
permissible  stresses 

'or6-25  ke/mm2 


From  here, 
strength: 


the  static  strength  safety  factor  in  respect  to  tensile 


nj»on  G.2.» 


7,7. 


Thus,  the  value  of  safety  factor  n^  - 7.7  in  respect  to 
tensile  strength  corresponds  to  the  value  of  safety  factor 
ns  ■ 3. lit  in  respect  to  the  yield  point.  The  former  is  almost 
the  same  as  the  minimal  value  of  the  safety  factor  for  brass 
and  bronze  propellers,  which  is  accepted  in  all  methods  of 
strength  calculations  that  meet  the  requirements  of  the 
Register  of  the  USSR. 
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Section  10.  Consideration  of  the  Kffect  of  Service  Conditions 
in  Determining;  external  Forces  Acting  on 
Propeller  blades 

In  the  process  of  exploitation,  a ship  is  subjected  to  the  action 
of  wind  and  seaways.  During  cruising  in  rough  seas,  additional  hydro- 
dynamic forces  emerge  on  the  propeller  blades  due  to  the  changing 
velocity  field  caused  by  the  sea,  ship  patching  and  rolling,  and  the 
disturbing  action  of  the  vibration  of  the  ship  hull. 

In  strict  formulation,  the  problem  of  determining  the  hydro- 
dynamic  forces  acting  on  the  propeller  of  a ship  moving  in  rough 
seas  is  extremely  complex.  In  practice,  it  is  more  rational  to 
solve  the  problem  by  taking  into  consideration  factors  which  play 
a determinant  role  in  the  phenomenon  being  considered.  In 
particular,  it  is  possible  to  assume  that  during  motion  of  a ship 
on  the  high  sees,  transverse  velocities  in  the  disk  of  the  propeller 
due  to  pitching  and  rolling  have  a decisive  effect  on  the  appearance 
of  additional  hydrodynamic  forces  on  the  propeller.  The  sea  itself 
and  the  effect  of  the  stern  part  of  the  hull  are  assumed  to  be  of 
little  importance. 

The  effect  of  pitching  and  rolling  of  the  ship  on  the  hydro- 
dynamics of  the  propellers  is  manifested  first  of  all  in  the  change 
of  its  operational  regime  in  respect  to  average  load  and,  as  a 
result,  in  the  higher  resistance  of  the  submerged  part  of  the  ship 
hull  to  rough  seas,  and  also  in  the  appearance  of  additional  hydro- 
dynamic  forces  during  transverse  displacement  of  the  propeller  in 
water. 


Problems  related  to  studies  of  the  hydrodynamic  characteristics 
of  a propeller  during  rolling  and  pitching  were  discussed  by 
I.  Ya.  Miniovich  (2)  and  V.  B.  Lipis  (19).  I.  Ya.  Miniovich 
suggested  formulae  for  the  approximate  calculation  of  hydrodynamic 
load  components  on  a propeller  during  rolling  and  pitching  which  are 
based  on  the  hypothesis  of  quasistationary  state.  In  the  work  of 
V.  B.  Lipis,  the  hydrodynamic  characteristics  of  a propeller  during 
rolling  and  pitching  were  determined  taking  into  consideration  the 
effect  of  the  non-stationary  state  of  the  flow.  V,  B.  Lipis  also 
studied  the  hydrodynamic  characteristics  of  a propeller  during 
rolling  and  pitching  taking  into  account  the  possible  suction  of 
air  and  incomplete  submersion  of  the  propeller. 

Based  on  the  physical  concept  of  hydrodynamic  action  of 
propeller  during  rolling  and  pitching  discussed  in  (20),  it 
should  be  noted  that  rolling  and  pitching  cause  additional 
displacements  of  the  propeller  and  as  a result,  the  appearance 
of  transverse  velocities  of  water  flow  on  the  propeller. 


} 


i 
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These  velocities  may  be  considered  to  be  directed  perpendicularly  to 
the  axis  of  propeller  rotation.  Thus,  during  pitching  and  rolling  a 
propeller  operates  under  conditions  of  inclined  flow  with  a varying 
angle  of  inclination. 


The  additional  hydrodynamic  load  on  propeller  blades  stipulated 
by  operation  of  a propeller  in  a flow  inclined  in  the  vertical  plane 
may  be  found  using  formulae  obtained  earlier  (83).  It  is  assumed 
that : 

V.*  IV-  -F.  «n  0. 


where  & - angular  coordinate  of  the  propeller  blade; 

Vti 

V « B _ relative  velocity  of  incident  flow  in  the  vertical  plane. 

D if™ 


Taking  into  account  that  the  dependence  of  the  coefficient  of 
propeller  thrust  on  the  advance/diameter  ratio  within  a relatively 
wide  range  of  its  changes  approaches  linear,  we  obtain: 


where  AAf, 


AfA,, 

iw*//5 


A.Aj, 


C vpj  2:t7 


(2  Ki  + >.,tgaI)-X<,sinO; 


hr 


n 1. 1|„  2n 
- — - cos 

T* 


(97) 


- coefficient  of  additional  bending  moment  on 
propeller  blade  caused  by  pitching  of  the  ship; 


K.j  - coefficient  of  propeller  thrust  at  designed 
regime; 


K 


P 


advance/diameter  ratio  of  propeller  at  designed 
regime; 


c*-1  - inclination  of  propeller  action  curves  K1  ( /Ip) 
to  the  axis; 


with  design  value  of  advance/diameter  ratio; 
ship  length  along  waterline; 


To  - 

7 - 


amplitude  of  pitching; 

period  of  pitching  (T-submersion  of  the  ship). 


Other  designations  are  the  same  as  in  formulae  (83). 
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Fig.  3ii.  Changing  of  bending  moment  depending  on  the  angle  /8l 

of  blade  turn  of  a propeller  operating  at  various 
values  of  parameter  Ay 

The  resultant  hydrodynamic  bending  moment  acting  on  the  /82 

propeller  blade  of  a ship  moving  in  rough  seas  is  found  by 
summing  up  the  moment  determined  for  a calm  sea  and  the  addi- 
tional moment  caused  by  the  action  of  ship  rolling: 


M r (U)  --  M (0)  -)•  AA1  (0). 


Figure  3b  shows  the  character  of  coefficient  of  moment 


(i 


variation,  depending  on  the  angle  of  propeller  turn  at  various 
values  of  parameter  7iy,  which  can  be  considered  as  a relative 
vertical  velocity. 


Fig.  35.  Relative  increase  of  variation  of  bending  moment 
depending  on  71  y 
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After  coefficient  of  moment  M (&•)  for  a number  of  values  of  Ay 
is  found,  it  is  possible  to  find  the  relative  range  of  increase  of 
bending  moment  change  on  the  propeller  blade,  depending  on  /Tv 

(Fig.  35).  * 

('»/•<") I, 

t.  by,  o 

(Al,.  (Oi.,,,.  — Ai/.(n> ) 

•u  * 


Function  /i(  Ay)  is  approximated  by  a parabola  of  second  power 

(t  a't.l  | b/.y  j-r; 

in  this  case,  the  method  of  least  squares  is  recommended  for  finding 
coefficients  a,  b,  and  c. 

The  value  of  relative  vertical  velocity  Ay  is  a linear  function 
of  the  angle  of  pitching  V 

K **. 

where 


k 


nL 
t *#»/> 


T COS-—/. 


In  accordance  with  the  main  aspects  of  the  theory  of  pitching 
and  rolling  of  ships  on  irregular  seas  (5),  the  normal  law  of 
distribution  holds  for  angles  of  pitching: 


fW) 


I 


where 


- mean  square  deviation,  related  to  the  average  value  of 
the  angle  of  pitching  according  to  equation  0.798 


Vo* 


Thus,/x  will  be  a function  of  random  variable  Y,  being  at  the  /83  j 

same  time  a random  variable  of  M 

The  numerical  characteristics  of  function  M are  determined  by 
the  following  general  formulae  of  the  theory  of  probability: 

mathematical  expectation  j 


dispersion 


£!--=  J (<i*S|5-|  bk^-\  C~^)*[(H')d^. 


after  transformations  of  these  equations  we  obtain 

fi  - ak1  o\  I <\ 

V*°*l  b1  -j-ZuVo'i. 
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where  O'  * ♦ Vd~  - mean  square  deviation. 
vu 

Since  function  ju(  Ay)  in  its  meaning  cannot  be  of  smaller  value 
than  C- — its  distribution,  which  is  supposed  to  be  normal,  is 

4a 

truncated. 

The  numerical  characteristics  of  the  truncated  normal  distribu- 
tion of  function  /i,  which  demonstrates  the  change  of  bending  moment 
acting  on  a propeller  blade  during  pitching  and  rolling  of  the  ship, 
are  found  frcn  relations: 


i1  1 (98) 

V^Ki  -ip+Atjtiti).  1 

where/:'  and  <5^  - mathematical  expectation  and  mean  square  devia- 

tion of  initial  non-truncated  distribution, 
respectively. 


Coefficients  A and  B are  determined  by  equations: 

i 


A = - 


B — - 


0,5—  *1*.  (<i) 

«P(t) 

0.5 -CD.  (!,) 


under  condition  that 


The  numerical  values 
tabulated  and  published  in 


M ~ Mmtn 
o' 


of  functions  ^(t-j)  and  4^(1.)  are 
i handbooks  on  probability  calculations. 


As  an  example,  Figure  36  shows  a graph  of  t? e dependence  of 
the  relative  (as  compared  with  ship  motion  in  calm  water)  increase 
of  the  average  fluctuation  range  of  the  bending  moment  acting  on 
the  propeller  blade  of  a high  tonnage  ship,  on  the  average  values 
of  ship  pitching  amplitude. 


The  additional  cyclic  fluctuation  of  the  hydrodynamic  load 
acting  on  blades  is  observed  also  in  the  ballast  transition  of 
the  ship.  The  submersion  of  a ship  propeller,  which  is  determined 
by  the  respective  ship  displacement,  decreases  to  the  extent  that 
the  blades  are  in  the  air.  At  the  same  time,  the  load  on  the 
blade  which  is  not  submerged  drops  to  zero. 
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Fig.  36.  Increase  of  the  average  values  of  the  fluctuation 

range  of  the  bending  moment  acting  on  the  propeller 
blade  of  a high-tonnage  ship  as  it  depends  on  the 
average  values  of  amplitude  of  ship  pitching 

The  ballast  transition  of  a ship  in  sene  cases  represents  a 
considerable  part  of  the  exploitation  period  of  oil  tankers  and 
dry-cargo  ships.  However,  incomplete  submersion  of  propeller 
blades  is  most  typical  for  the  latter,  since  complete  submersion 
of  propeller  blades  for  dry-cargo  ships  cannot  be  achieved  due 
to  the  more  limited  fore-and-aft  trimming  system  as  compared 
with  oil  tankers. 

A sufficiently  accurate  theoretical  solution  of  the  problem  of 
determining  the  hydrodynamic  forces  acting  on  a propeller  when  it 
intersects  the  free  surface  is  presented  in  (UO).  However,  because 
of  the  extensive  volume  of  computation,  it  is  not  acceptable  for 
practical  purposes.  Therefore,  an  approximate  solution  which 
provides  satisfactory  results  as  compared  to  the  results  provided 
by  the  method  discussed  in  (ijO)  is  discussed  below.  This  method 
provides  satisfactory  results,  particularly  in  determining  extreme 
values  of  hydrodynamic  load. 

Let  us  proceed  from  the  assumption  that  in  the  case  of 
incomplete  submersion  of  a propeller,  the  nominal  velocity  field 
will  correspond  to  the  case  of  complete  propeller  submersion, 
excluding  the  part  of  the  propeller  disk  that  projects  out  of 
the  water,  in  which  the  hydrodynamic  load  equals  zero. 

dP 

Let  us  assume  that  distribution  of  thrust  ^ is  changing  along 

the  radius  according  to  linear  law,  while  the  distribution  of 
tangential  force  along  the  radius  is  constant.  Then,  for  a 
dr 

propeller  of  radius  R which  is  submerged  in  respect  to  the  water 
surface  to  depth  , we  obtain: 

for  a completely  submerged  propeller  (R^  > R) 

Mp  l‘UK~rf)  .1  (99) 

where 

2 f Rr  1 r*  Pi, 

p ----- -p— -p  , a , "JlK- 

3 : «•,,)  2*  ' 


1 


1 


1 
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for  a partially  submerged  blade  (R^  <R) 


Mn-  Pi(PiRi—r»)  find  Air 


(‘liRi  — rv), 


(100) 


p -A  ,*J  '/>'r  ■'  'l  . Al 

1 3 «,  (/?,  | • Vl  2A\ 

In  formulae  (99)  and  (100),  the  following  designations  are  used: 


Mp  - bending  moment  caused  by  Axial  forces; 

- bending  moment  caused  by  tangential  forces; 

-2 

P - thrust  of  the  propeller  blade  while  P1  ■ h P,  where 

h “ F (Ri  <R)i 

-3 

M - torsional  moment,  * h M; 

r - distance  from  cross  section  being  considered  to  the  axis 
P of  propeller  rotation. 

From  the  above  equations,  we  obtain: 

(101) 


Coefficients  /ip  and/o^  determine  the  decrease  of  bending  moments 

in  the  cross  section  being  considered  with  relative  propeller  sub- 
mersion to  a depth  of  h.  Projecting  of  the  propeller  blade  out  of 
water  and  the  decrease  in  hydrodynamic  load  begin  at  some  angular 
position  which  depends  on  the  value  of  "R.  Only  when  O'  * 0°  (360°) 
does  the  effect  of  incomplete  submersion  reach  its  extreme  value. 

The  dependence  of  coefficients  /ip  and/i^  on  the  angular  position  of 

the  blade  & at  a given  h is  shown  in  Figure  37.  A root  cross  section 

of  the  blade  is  being  considered  (r  ■ 0.20). 

P 
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Fig.  37.  Graph  for  determining  coefficients  and 

This  graph  may  be  used  for  approximate  evaluation  of  the  effect 
of  partial  submersion  of  a propeller  blade  on  the  magnitude  of  the 
bending  moment  caused  by  the  action  of  hydrodynamic  forces  in  the 
critical  cross  section  being  considered.  From  Figure  37,  it  follows 
that  partial  submersion  of  a propeller  blade  affects  considerably 
the  variation  of  its  dynamic  load.  For  example,  if  20%  of  the  /87 

propeller  blade  is  not  submerged  in  water,  the  bending  moment  in 
the  critical  cross  section  decreases  by  more  than  $(y%. 


Fig.  38.  Variation  of  hydrodynamic  bending  moment  depending  /86 

on  angular  position  of  propeller  with  various  amount 
of  submersion 
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Fig.  39.  Variation  of  submergence  of  a propeller  during 
movement  of  a "Be2hitsa"  type  ship 

As  an  example,  Figure  38  shows  the  results  of  calculating  the 
bending  moment  for  full  and  partial  submersion  of  a propeller  b] ade. 

Based  on  the  results  obtained  by  V,  S.  Shpakov,  who  studied  the 
hydrodynamic  load  of  a partially  submerged  propeller  behind  a ship 
hull,  let  us  note  that  the  actual  submergence  of  the  propeller  axis 
h.-p  at  a given  speed  of  the  ship  should  be  determined  taking  into 
account  the  wave  ordinates  in  the  area  of  the  propeller  disk,  i.e., 

/<•:. - n,  T - Mi 

waves 

where  h cp  - actual  submergence  of  the  upper  edge  of  the  blade 
from  the  agitated  water  surface  during  ship  motion; 

h^,p  - submergence  of  the  upper  edge  of  the  blade  from  the 
water  surface  without  motion  of  the  ship; 

h wave-  wave  ordinate  in  the  area  of  the  propeller  disk 
measured  from  the  still  surface. 


The  simplest  way  to  obtain  wave  ordinates  in  the  area  of  the 
propeller  disk  for  various  hydrodynamic  loads  and  corresponding 
speeds  of  the  ship  is  by  testing  models  in  an  experimental  water 
basin  or  by  using  the  data  obtained  for  a sufficiently  similar 
prototype  of  the  ship  in  respect  to  main  dimensions,  stern  lines, 
and  the  elements  of  the  propulsion  device. 


For  approximate  evaluation  of  wave  ordinates  in  the  area  of  the 
propeller  disk  of  a dry-cargo  ship,  a graph  may  be  used  which  was 
plotted  by  V.  S.  Shpakov  and  is  based  on  experimental  data.  The 
graph  (Fig.  39)  shows  the  dependence  of  wave  ordinate  hwava  on  the 

submergence  of  the  propeller  and  the  relative  speed  (Froude  number) 
of  a "Bezhitsa"  type  ship. 

Section  11.  Determining  External  Forces  During  Imcact  of  a 
Propeller  Blade  Against  a Solid  Object 

Propellers  of  ice-breakers  and  ships  navigating  in  contamin..  ed 
waters  are  constantly  subjected  to  impacts  against  blocks  of  ice  or 
other  floating  objects. 

According  to  the  theory  of  impact,  the  problem  of  the  impact  of 
two  bodies,  includes  the  problem  of  their  local  deformations,  but  in 
respect  to  ship  propellers  this  problem  has  not  yet  been  properly 
solved.  Therefore,  researchers  are  analyzing  this  problem  at  the 
present  time  (7),  (2lj). 

N.  N.  Kabachinskiy  and  V,  A.  Belyayev  performed  an  analysis  of 
dynamic  processes  taking  place  in  a propeller  shaft-line  system. 
However,  in  determining  external  forces  during  impact  of  a propeller 
blade  against  a solid  object,  they  assumed  that  the  blade  is  a thin, 
straight,  homogeneous  rod  (1*),  (13)  and  the  complex  shape  of  a 
propeller  blade  was  not  taken  into  consideration. 

The  general  dependence  of  impact  forces  on  the  geometrical 
characteristics  of  a propeller  (diameter,  pitch,  blade  contour,  etc.) 
and  on  kinematic  parameters  (forward  and  rotational  speed)  was 
studied  by  S.  V.  Yakonovskiy  (32),  (33). 

The  impact  of  a ship  propeller  against  a solid  object  is  charac- 
terized by  the  impulse  of  impact  forces  (instantaneous  impulse)  acting 
on  a propeller  blade,  the  moment  of  this  impulse,  the  angular  velocity 
of  propeller  rotation  after  impact,  and  the  kinetic  energy  lost  as  a 
result  of  impact. 

To  derive  corresponding  formulae,  the  following  assumptions  were 

mades 

a propeller  is  a single  body  located  at  the  end  of  an  elastic 
shaft  line; 

the  object  colliding  with  the  propeller  is  free  and  its  mass  is 
infinitely  small  as  compared  with  the  ship  mass  (after  collision  the 
forward  motion  of  the  ship  V - const),  the  impact  is  absolutely 
inelastic; 


9)4 


i 


l 

t 

F changes  of  kinetic  moment  of  totating  masses  of  the  propeller 

I do  not  cause  changes  of  angular  momentum  of  the  whole  ship. 

| 

\ At  the  same  time,  it  is  considered  that  the  solid  object  is 

[ stationary  and  that  the  ship  is  moving  only  forward  and  its  velocity 

r vector  is  parallel  to  the  propeller  axis. 

I 

\ Figure  L»0  illustrates  in  the  accepted  coordinate  system  the 

l instantaneous  impulse  during  impact  and  the  components  of  its 

I moment. 


Fig.  I4O. 


Instantaneous  impulse  during  collision  and 
components  of  its  moment 


Below  are  given  formulae  of  S.  V.  Yakonovskiy  for  the  definition 
of  characteristics  of  impact  by  the  surface  or  edge  of  the  blade  as  a 
function  of  geometrical  and  kinematic  parameters  of  a propeller. 


In  these  formulae  the  following  designations  are  used: 


n1  and  n_  - frequency  of  propeller  rotation  per  second  before  and 
^ after  the  impact,  respectively; 

D - 2R  - propeller  diameter,  m; 

r ■ — - relative  radius  of  impact  point; 

K 

V - ship  speed,  m/sec,  (forward  motion  with  the  sign 
ox  and  reverse  with  the  sign 

X,  - advance/diameter  ratio  before  the  impact;  /09 
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p 

pi  - adduced  mass  of  the  block  of  ice,  kg»sec  /m; 

1^  - moment  of  inertia  of  the  mass  of  propeller  and  the  attached 
mass  of  water,  kgcm^sec^j 

Oj.|  - angular  velocity  of  propeller  rotation  before  impact,  1/sec, 
1 (forward  motion  with  sign  and  reverse  with  sign); 

r - radius  of  impact  point,  m; 

- polar  angle  between  the  straight  line  from  the  center  of 
propeller  rotation  to  the  point  of  impact  application  at 
the  blade  edge  and  the  axis  CY  in  the  plam  of  normal 
projection  of  the  propeller,  radian; 

<P  - pitch  angle  of  the  root  cross  section  of  the  blade  which 
is  determined  by  the  formula: 


where 

H - propeller  pitch,  m; 

r^  - distance  between  root  cross  section  and  axis  of  rotation,  m; 

X.,  Y.,  Z,  - coordinates  of  point  A in  respect  to  which  moments  are 
A A A calculated; 


V - angle  of  blade  inclination,  degrees. 
At  the  moment  of  impact  of  blade  surface: 
instantaneous  impulse 


d - — n ■ 


(n,//  — t'„)  cos  v | / I H (4=)  cos*  v j ^ j 

. , 1 , i H \*  i 1 ■ . |*K*  i 

n*  V D ) \ r*  I,  I 


rotational  speed  of  the  propeller  after  impact: 


(102) 


(103) 
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Components  of  a moment  of  instantaneous  impulse  in  a general 
case  are  functions  of  angular  coordinate  considering  that  the 
impact  takes  place  along  the  median  line  of  the  blade,  it  may  be 

e—' 

assumed  that  ~ . 

The  angular  coordinate  of  point  A in  the  root  cross  section 
of  the  blade  is  also  approaching  the  value  of  -»~C  . 

2 

In  such  a case,  the  following  formulae  are  obtained:  /90 


for  components  of  the  moment  of  instantaneous  impulse 


•3)1, 


^ (n,n  - r„)  M-  C()S=  V 1 1 — - t'j 


■>  "n  1,0 

.1' 


4»- 


OK,  --  (.  - 

A 2 , 


+fc) 

- cos*  v tf{  v / 

■4> 

y/j. . 

, i>R!) 

( / > ) l >* 

: iJ 
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for  energy  lost  as  a result  of  impact 


1 (",//-  t v 

2 I ”,  i It  1 nR2  \ * 

1 D I V r*  ' / J 
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Equations  of  S.  V.  Yakonovskiy  for  the  impact  of  the  blade  edge 
based  on  the  general  theory  of  interaction  of  a propeller  and  ice 
are  cumbersome  and  therefore  may  be  used  only  with  utilization  of 
computers. 

According  to  this  theory  the  most  disadvantageous  position  of 
an  ice  block  (solid  object)  which  stipulates  the  maximum  value  of 
instantaneous  impulse  and  the  component  of  its  moment  ^l,.  is  a posi- 
tion parallel  to  the  axis  of  a propeller,  which  corresponds  to  the 
actual  conditions  when  a propeller  operates  at  regimes  approaching 
mooring  regimes.  Mooring  regimes  are  typical  for  ships  navigating 
in  ice. 


For  such  a specific  case,  more  convenient  formulae  were  obtained 
which  are  used  in  practical  calculations. 


The  angular  velocity  of  propeller  rotation  after  an  impact 


(•). 


">r  __  . 
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The  geometrical  meaning  of  a derivative  dr/d is  explained  by 
Figure  ljl,  and  its  value  may  be  determined  by  the  formula 


where  y - angle  between  tangential  lines  to  the  contour  of  normal 

projection  of  the  blade  and  to  the  circle  of  radius  r(o-) 
at  the  point  of  impact  sx  . 

The  instantaneous  impact  against  the  edge 
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Components  of  the  moment  of  instantaneous  impulse  in  respect  to 
the  point  on  the  axis  located  at  a distance  l(xA  * -1,  yA  * 0;  ZA  * 0) 

from  the  coordinates  origin 


(£)‘ 

i4^n 

±+^li 

\da  1 \ 

(-£-)• 

x([(*-f)v  irf'H f ||(f  "£-cosa| sin«): 


u,  R’ 

(Jl  ’ 

r 

\ da  , 
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-L.l 
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\ da  ) [ 

r’  ‘ 

/r  J 
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After  determining  components  of  the  moment  of  instantaneous 
impulse  '.t'l,  and  Hi.,  by  formulae  (lOij)  and  (108),  for  impact  against 
the  blade  surface  or  the  edge,  with  the  help  of  Figure  IjO  it  is 
not  difficult  to  deduce  a for . ala  'or  calculation  of  the  bending 
moment  in  respect  to  the  axis  of  minimum  rigidity  of  the  root 
cross  section  of  the  blade 


sin  V,;  - cos  ^ . 


(110) 


Quantities  characterizing  the  collision  of  a propeller  with  a solid 
body  are  functions  of  many  parameters  (reduced  mass  of  a solid  body, 
radius  of  the  impact  point,  etc.).  Under  service  conditions  these 
quantities  are  random  values  which  are  determined  by  using  statistical 
data  of  experimental  full  size  tests  and  applying  the  theory  of 
probability.  However,  there  are  insufficient  data  available  yet  and 
therefore,  solving  of  such  problems  is  limited  at  present  to  some 
specific  solutions.  For  example,  the  tensile  strength  of  detachable 
blades  and  of  parts  fastening  blades  to  the  hub  as  well  as  the 
strength  of  a shaft-line  subjected  to  impact  loads  may  be  determined 
by  comparing  them  with  the  existing  prototype  with  the  help  of 
conditional  impulse  of  stresses 

in,,. 


r - 

7f  " 


Fig,  Ul.  Normal  projection  of  blade  contour  and  explanation 
of  the  geometrical  meaning  of  the  derivative  dr/d<-«- 
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It  should  be  noted  that  formulae  (10U)  arid  (108)  are  particularly 
important  for  understanding  those  loads  to  which  studs  fastening  blades 
are  subjected  because  of  the  action  oi‘  each  component  of  instantaneous 
impulse  iUJ,,  and  -w  . . First  of  all,  it  concerns  the  continuously 
discussed  problems  on  magnitudes  of  crumpling  and  shearing  forces  to 
which  studs  are  subjected  as  a result  of  the  vertical  component  of 
instantaneous  impulse  ‘W,  . In  compa"ative  calculations,  n is  found 
by  the  formula  i1'1  -02-1.0  which  is  ootained  as  a result  of  data 
U 

proc  ^ing  based  on  full  size  experimental  tests. 

Below  is  given  an  example  of  using  the  above  dependences  for 
comparative  calculation  in  evaluating  the  strength  of  board  propellers 
of  two  ice-breakers:  one  being  designed  and  the  second  one  of  the 

"Moskva"  type.  Calculation  was  performed  under  the  assumption  that 
the  ship  propeller  collides  with  an  ice  block  of  the  same  reduced 
mass  as  the  propeller  itself  which  is  determined  by  the  relation 


for  the  ship  being  designed,  which  corresponds  to  the  weight  of  the 
ice  block  of  2.1  ton.  The  most  dangerous  case  is  assumed  foi  calcula- 
tion, i.e.,  the  ice-breaker  is  moving  backward  while  the  propeller  is 
operating  for  forward  motion.  In  such  a case,  impact  against  the 
blade  surface  is  most  probable. 

Initial  Data  for  Comparative  Strength  Calculation 
of  Propellers  of  Two  Ice-Breakers 


Ice-breaker  "Moskva" 

being  designed  ice-breaker 


Diameter  D,  m 

5.10 

14.82 

j 

Pitch  of  the  blade  at  a distance  of 
0.7R  from  axis  of  rotation  H,  m 

1.30 

3.86 

| 

Rotation  speed  at  mooring  regime  n, 
rev/sec 

- 1.92 

- 1.83 
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Reduced  mass  of  the  ice  block/i, 
kg*sec^/m 

2.12*102 

2.12O02 

Forward  speed  of  ship  V^,  sec 

2.0 

2.0 

Distance  between  root  section  of  the 
blade  r&  from  the  axis  of  propeller 
rotation,  m 

1.0 

0.8 

100 


W 


Initial  Dnta  for  Comparative  Strength  Calculation 
~ of  Propellers  oj  Two  Ice-breakers 

(Cont'd) 


Pitch  of  the  root  cross  section 
HA»  m 

Pitch  angle  of  the  root  cross 
section  degrees 

Blade  inclination  V,  degrees 

Relative  radius  of  the  root  cross 
section  rA 

Section  modulus  of  the  area  of  root 
cross  section  W,  cm3 

maximum 

minimum 

Moment  of  inertia  of  propeller  with 
the  adjoined  mass  of  water  Ix, 
kg*m.sec^ 

Angular  velocity  of  propeller  rotation 

Oj , sec”^ 


Ice-breaker  "Moskva" 

being  designed  ice-breaker 


28°  ljO' 


0.370 


13,200 

12,000 


3.86.103 


- 12.1 


32°  00' 


0.336 


7,200 

5,850 


2. 22*103 


- 11.5 


The  moment  bending  the  blade  in  respect  to  the  axis  of  minimum 
rigidity  is  determined  with  the  help  of  formulae  (10h)  and  (110) 
assuming  that: 

cosv  1,0;  n~2 0,1  H 7 = 1,0; 


SOL  _ 0 ~~  r/h  / 1 //  . , „ \ 

* 1 + ° - 1 (i  J (‘  + j'j  ' 2 s'n  VA  * cos  ^ ’ 


Substituting  numerical  values  into  this  equation,  we  obtain  for 
the  ice-breaker  being  designed: 

SOI  ....  2.12  I0t(-  i.52  -M-g)  (I  - 0,37) 

1 | 0.1  0,035(1  10.4)  X 


x(°.S  ~ 0,482  | 2,7  0.87Gj-.3.38  101  kg-m.sec. 
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mi  *>  m r 


For  the  "Moskva"  ice-breaker: 

a)i« 


L'HI  o.ctf,) 

* I i O.i  O.tlMfl  ; n.M)  X 

(0.5-^0.533  ,-2.41-0.810).  2.75-, O'  kg-m-sec. 


The  impulse  of  bending  stresses  (kg»sec/cm^)  as  a result  of  blade 
impact  amounts  to: 


Ice-breaker 

"Moskva" 

being  designed 

ice-breaker 

. 

°aA'  = -u, 

H max 

26.0 

38.2 

**nA 

° •’  R^n.ln 

28.2 

1:7.0 

Table  11.  Calculation  of  the  Moment  of  Instant  Impulse  In  Respect  /9h 

to  Axis  of  Propeller  During  Impact  Against  the  Blade  Krige 


Designation  and 

Relative  radius  of  tlie 

impact  point  T 

~! 

i 

No. 

calculating  formulae 

ll.’. 

i:.r. 

o.: 

t.P 

o.n 

o.to 

1.0 

< 

1 

1 

0.25 

0.3f, 

0,49 

0.01 

0.81 

0,902 

1.0  1 

2 

t£V 

8.80 

5.40 

3.17 

2.30 

0.933 

0.611 

0 

3 

dri/t a (7.-  n.  2) 

4,40 

3,24 

2,29 

1,64 

0,640 

0.3*1 

0 

4 

(-—I'' 

19,3 

10,5 

5,22 

3.38 

0,701 

0,336 

0 

V / 

5 

1 

r* 

4,00 

2,78 

2.04 

1 ,M) 

1,23 

1.11 

1,0 

6 

n.  5 - ■*** 
/, 

4,55 

3,33 

2,59 

2,11 

1,78 

1,66 

1.55 

7 

n.  4 X n.  6 

87,7 

35,0 

13,5 

7.13 

1,25 

0,56 

0 

8 

1 -f  n.  7 

86,7 

30,0 

14,5 

8.13 

2.25 

1.56 

1.0 

9 

— jio)|  R*  X n.  4,  urc-M  C 

274  0^ 

149  10’ 

72,2  10’ 

■18  10’ 

10  10* 

4,6  10’ 

0 

10 

SH,  (n.  9 : n.  8) 

3,00  10’ 

4,14  I01 

5,11  I01 

5,91  10’ 

4.44  I03 

9. 08  10s 

0 

Note*  Auxiliary  values*  - mu,  **  H?ic'kg*m*sec-H -- ■ 0.R5S. 

^ M 

C 
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According  to  data  of  actual  size  tests  of  propellers  operating 
in  ice,  the  duration  of  impact  At  ■ 0.02  f 0.06  sec. 

Table  11  provides  an  example  of  calculation  with  the  help  of 
formula  (108)  in  which  the  moment  of  instantaneous  impulse  Di, 
was  determined  for  the  ice-breaker  "Moskva"  in  respect  to  the 
propeller  axis  during  impact  of  the  propeller  blade  edge  against 
the  ice. 

This  calculation  was  performed  for  the  case  when  the  ship  is 
moving  forward  and  the  propeller  is  rotating  also  for  the  forward 
motion  of  the  ship  (V^  <0j<O^  < 0). 

Section  12 . Method  of  Approximate  Determination  of  the 
Frequency  of  Natural  Bending  Vibrations  of 
Propeller  Blades  in  Air  and  Vinter 

In  designing  structures  subjected  to  the  action  of  periodical 
forces,  it  is  necessary  to  calculate  frequencies  of  natural  vibra- 
tions in  order  to  prevent  the  possibility  of  their  coinciding  with 
frequencies  of  exciting  forces.  As  is  known,  in  such  a case,  a 
resonance  phenomenon  takes  place  and  as  a result,  even  low  exciting 
forces  may  cause  considerable  variable  stresses  in  a vibrating 
structure  and  cause  failure  within  a relatively  short  time. 

Let  us  discuss  natural  vibrations  of  a propeller  blade  taking 
place  in  a plane  of  minimum  rigidity  which  is  perpendicular  to  the 
chords  of  cross  sections  of  a blade  unfolded  on  the  plane.  Let  us 
consider  a blade  as  a cantilever  beam  with  a variable  cross  se^+ion 
which  is  rigidly  fastened  at  its  end  section. 

Under  such  conditions,  the  equation  of  bending  vibrations  of  the 
blade  may  be  derived  from  the  differential  equation  of  the  elastic 
line  of  the  beam 


E!—J- 


(111) 


where  El  - is  rigidity  of  the  beam  in  bending; 

M (x)  - bending  moment  in  any  cross  section  of  the  beam. 

If  it  is  taken  into  consideration  that  in  the  case  of  natural 
vibrations  it  may  be  assumed  that  the  blade  is  subjected  to  the 
action  of  inertia  forces  with  ar.  intensity  of 


q -!A^fxL  TS  d'y 

dx'  e tip 


(112) 
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where  y - specific  gravity  of  blade  material; 
g - acceleration  of  gravity; 

S - cross  sectional  area  of  the  blade,  which  varies  along 
its  length. 

By  substituting  (112)  into  (111),  we  obtain  the  needed 
differential  equations 


However,  to  this  equation  should  be  added  boundary  and  initial 
conditions.  Since  in  future  only  those  characteristics  of  vibra- 
tions will  be  of  interest  which  do  not  depend  on  the  initial  action,  /96 
the  initial  conditions  will  not  be  taken  into  consideration  in  this 
solution. 


Boundary  conditions  with  the  consideration  that  the  blade  is 
replaced  by  a cantilever  rod  may  be  represented  as: 


with 

* 0,  (/  — 0, 

Al 

dx 

with 

x -l,  El  - 

dx- 

0, 

where  1 - length  of  the  blade. 


Using  the  Fourier  method  for  solving  the  formulated  problem, 
when  deflection  y is  sought  in  the  form  y“f(x)  *?(t),  indicates  that 
the  motion  being  studied  is  a harmonic  oscillation  with  a cyclic 
frequency  p,  which  is  determined  by  the  expression 


/ 


K 6 


(Ills) 


Formula  (Ills)  makes  it  possible  to  find  cyclic  frequency  if, 
with  given  functions  I*I(x)  and  S-S(x),  the  law  of  distribution  of 
blade  deflections  along  its  length  (shape  of  vibrations  f(x))  is 
known.  It  can  be  assumed  that  the  shape  of  vibrations  of  a blade 
with  a variable  cross  section  is  approximately  the  same  as  the 
shape  of  vibrations  of  a cantilever  rod,  for  which  it  is  accepted 
that: 


I (\)  A sin /.-.v  | Bm^kx  •- C i.li Ar.v  \-DcUkx\ 


(115) 


1 
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Constants  A,  B,  C,  and  D are  cnlcuDated  from  the  boundary  condi- 
tions for  each  root  k^l  of  the  characteristic  equation. 


Change  of  areas  and  moment  of  inertia  of  cross  sections  of  the 
blade  along  its  length  is  determined  by  the  following  dependences: 

I (')  /„( i -»>„-*  ■ /«, j , (116) 

(117) 


where  n , n, , m , and  m.  - n jnerical  coefficients  which  can  be 
' 0 found  by  formulae 


( 

( 


/ 

U-i-h  , \ 


in  which  So,  si/2*  “ areas  and  moments  of  inertia  of 

unfolded  cylindrical  cross  sections  of  the  blade  at  a radius  r0  (root 
cross  section),  at  a radius  corresponding  to  half  of  the  blade  length 

r1/2  and  at  a rac^us 

By  substituting  expressions  (115),  (116),  end  (117)  into  (lilt) 
for  any  tone  of  frequencies  of  blade  vibrations,  we  obtain 


I - --  - — /.?°i  j*  J / J !c_  ■ / I — m,p„ 

Z.T  l / / | ,,So  | 1 - /.o'v.oit  n'lY„  ' 


(118) 


where  ^ « k^l  - parameters  of  the  blade  (cantilever  beam)  of  a 

constant  cross  section  with  the  area  and 
moment  of  inertia  I0,  which  are  determined  by 
the  equation  of  frequencies  cos  kjchk.l- — i. 


The  equation  of  frequencies  has  the  following  roots: 

V V *j<  V *,i  k,i 

1,675  4,091  7, 655  10.995  14,137  17,279 

The  factor  in  formula  (118) 

; y K-_ 

J I ^oVo  ± «|Yii 

is  a correcting  coefficient  which  makes  it  possible  to  calculate 
vibration  frequencies  of  the  blade,  which  gets  thinner  toward  the 
end,  by  the  expression 

frlrV'  Kt. 


Here  f^  is  the  frequency  of  the  i-th  tone  of  the  blade  of 
length  1,  and  of  the  constant  straightened  cylindrical  cro: 
section,  the  area  of  which  is  S0  and  the  moment  of  inertia  is  I0. 


Constants  , y^0>  and  for  various  shapes  of  vibrations 

of  the  blade  are  given  in  Table  12. 

Table  12.  Table  of  Auxiliary  Coefficients 


i 

t,o 

v,« 

f1,. 

1.1 

1 

0,  iw 

0.K07 

0,401 

o. 

2 

0.4n3 

O.b'li 

0.703 

0,7<M 

3 

(M  ns 

0 IV 12 

0.01,1 

O.i.sl 

4 

0.48'J 

o.:,i7 

0.010 

o. » 

r> 

O.-UJO 

0.310 

o.i'iir* 

o.i  r, 

c> 

0,307 

0,042 

0.<02 

Designers  are  interested  first  of  all  in  the  first  harmonics  of 
natural  tending  vibrations  or  in  the  fundamental  tone  when,  in  the 
process  •>£  vibrations,  the  nodal  line  is  positioned  in  the  area  of 
blade  fastening  in  the  hub  while  the  antinode  is  formed  at  its  tip. 
The  minimum  value  of  frequency  which  is  determined  by  formula  (118) 
and  the  smallest  value  of  the  root  of  the  equation  of  frequencies 
oCq1  * 1.875  correspond  to  the  fundamental  tone. 

In  such  a case,  for  the  vibration  frequency  of  fundamental  tone 

/;  - — — /— 5Z®.  J1  j f L"uO.IW/h0 Jfc  0,41)3  j_m,  | (119  ) 

0.2S  \ l j V pS0  ('  1 — O.fiOTn,,  + 0,49.i|n,  | ' 

Values  which  are  denoted  by  letters  are  determined  by  the 
geometrical  characteristics  of  the  blade  and  by  the  properties 
of  the  material  of  which  the  propeller  is  manufactured. 


As  an  example,  below  is  discussed  calculation  of  the 
frequency  of  fundamental  tone  of  blade  vibration  of  a solid  cast 


propeller. 

Initial  data  for  calculation 

Propeller  diameter  D,  m 5.2 

Average  pitch  of  propeller  H,  m 5.12 

Area  of  unfolded  blade  A,  13.8 

Number  of  blades  Z 5 


Blade  material 


alcunic  (aluminum- 
nickel  bronze) 


Modulus  of  elasticity  E,  kg/cm  1.09.10^ 

Density  of  propeller  material  y,kg/cm^  0.0075 
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Geometrical  characteristics  of  the  blade  cross  sections  are 
determined  by  the  drawing  of  the  propeller  and  calculation  accord- 
ing to  the  method  discussed  in  Section  3. 

Geometrical  Characteristics  of  Cross  Sections  of  the  Blade 


Blade  Cross  Section 

li»  c™ 

S,  cn^ 

1,  cm1! 

1 

. . 33.2 

1,260 

23,3147 

2 

. . 59.8 

1,221 

16,090 

3 

. . 86.3 

1,009 

9,975 

I4 

. . 112.9 

809 

14,793 

5 

. . 139. )j 

598 

2,057 

6 

. 166.0 

360 

561 

7 

192.5 

198 

lljO 

Root  ...  

. . 0 

1,260 

31,000 

Average  ...... 

. . 109.5 

8L0 

5,500 

Tip  of  the  blade  . . 

. . 219.0 

100 

0 

Using  data  in  Table  2 (Section  3),  n0,  n-| , m0,  mi  are  calculated 
and  then,  using  formula  (119),  the  frequency  of  fundamental  tone 
vibration  of  the  blade  is  calculated  which  will  be  29.6  cycles. 

It  should  be  noted  that  the  actual  value  of  the  frequency  of 
natural  vibrations  of  the  blade  measured  under  service  conditions 
is  30.2  c.  As  seen  from  the  above  example,  the  deviation  of 
calculated  frequency  from  the  experimental  value  does  not  exceed  2%. 

Strictly  speaking  the  formulae  presented  above  are  true  only 
when  the  propeller  is  in  a vacuum.  In  a medium  having  a certain 
density  some  volumes  of  the  medium  adjacent  to  the  vibrating 
object  will  be  involved  in  the  vibration  process  and  in  this  way, 
as  it  were,  increase  the  mass  of  vibrating  body. 

Experiments  demonstrated  that  frequencies  of  blade  vibration 
in  air  and  water  differ  considerably.  Figure  Li2  illustrates 
oscillograms  of  attenuated  natural  vibrations  of  the  blade  of  a /100 

model  of  a propeller  in  air  and  in  water.  The  oscillograms  show 
that  water  decreases  by  half  the  frequencies  of  natural  vibrations 
as  compared  with  the  frequency  in  air.  Therefore,  the  vibration 
frequency  for  transport  ship  propellers  is  assumed  to  be 
approximately  half  of  that  in  air.  This  ratio  well  coincides 
with  results  obtained  by  Ya.  F.  Shirila,  who  studied  dynamic 
stresses  in  propeller  blades  of  the  ship  "Pekari"  (35)  under 
actual  operating  conditions. 
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Fig.  h 2.  Oscillograms  of  attenuated  natural  vibrations  of 
the  blade  of  a model  of  a propeller 

1.  in  air;  f ■ 578c;  2.  in  water;  f * 288c. 


It  is  advisable  to  determine  frequencies  of  natural  vibrations 
for  all  large  size  propellers  (with  diameter  above  Jj-5  m).  This  is 
explained  by  the  fact  that  natural  vibrations  of  such  propellers  in 
water  are  relatively  low,  and  in  the  case  of  high-speed  engines,  the 
appearance  of  resonance  vibrations  is  possible. 
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CHAPTER  III.  EXPERIMENTAL  STUDY  OP  THE  STATE 
OF  STRESS  IN  PROPELLER  BLADES 

Because  analytic  calculation  of  stresses  in  propeller  blades  is 
difficult  due  to  their  complex  geometry  and  distribution  of  hydro- 
dynamic  forces,  considerable  attention  is  devoted  at  present  to 
experimental  studies  of  the  state  of  stress  in  propeller  blades. 
These  studies  make  it  po.ssiblc  to  obtain  data  on  the  effect  of 
individual  geometric  characteristics  of  marine  propellers  (disk 
ratio,  pitch  ratio,  curvature  of  cross  sections,  etc.)  on  the 
magnitude  of  emerging  stresses  and  to  determine  the  areas  with 
maximal  stresses.  The  experimental  method  is  also  the  most 
effective  method  for  studies  of  the  local  strength  of  ship 
propellers,  particularly  those  having  wide  blades.  In  addition, 
the  results  of  experimental  studies  serve  as  a criterion  for 
evaluating  the  correctness  of  several  methods  of  approximate 
strength  calculation. 

It  is  obvious  that  the  most  reliable  data  on  the  state  of 
stress  in  propeller  blades  may  be  obtained  only  by  full  scale 
experiments.  However,  such  experiments  are  very  laborious  and 
complex  in  nature.  Therefore,  it  is  more  rational  to  bring  into 
accord  measurements  of  actual  propellers  with  measured  stresses 
in  models  of  propellers.  Such  stresses,  confirmed  by  data 
obtained  under  actual  operating  conditions  may  be  considered  to 
be  fully  acceptable  not  only  for  making  more  accurate  the  existing 
approximate  calculation  methods,  but  also  for  development  of  new 
and  more  perfect  calculation  methods. 

Section  13.  Information  from  the  Similarity  Theory  and 
Studies  of  the  State  of  Stress  in  Fropeller 
Blades  Using  Models  of  Propellers 

Studies  of  the  state  of  stress  in  propeller  models  with  the 
purpose  of  using  the  results  for  actual  operating  propellers 
should  be  carried  out  in  agreement  with  the  law  of  physical 
similitude. 
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In  a general  case  of  similarity  conditions,  the  modeling  of 
the  elastic-dynamic  state  of  stress  in  propeller  blades  is  reduced 
to  maintaining  the  geometric  similarity  of  the  model  and  actual 
object  as  well  as  the  similarity  < f deformations  and  principal 
stresses  along  three  main  axes.  Naturally,  in  the  case  of  testing 
models  of  propellers,  the  condition  of  hydrodynamic  similarity  of 
the  model  and  actual  object  also  have  to  be  maintained.  The  scale 
of  deformations  end  stresses  should  not  depend  on  directions  and 
the  scale  of  noimal  stresses  should  be  equal  to  the  scale  of 
tangential  strejses,  i.e.,  the  following  relations  should  be 
maintained: 
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where  fc  - relative  deformation; 

6 - nonnal  stresses; 

"C  - tangential  stresses; 

E - modulus  of  elasticity  of  material; 

i*l,2,3  - index  of  principal  directions  of  deformation^  and  stresses. 

Values  with  the  "m"  index  correspond  to  the  model  and  those 
with  the  "n"  index  concern  the  actual  object. 


Simultaneous  similarity  of  deformations  and  stresses  in  a 
three- nimensional  state  of  stress  is  possible  only  with  equality 
of  Poisson's  ratio  and  moduli  of  elasticity  (ji  and  E)  of  materials 
of  a model  and  of  actual  object. 


In  the  case  of  using  isotropic  materials  for  relative  deformation 
of  the  model  and  the  actual  object  in  one  of  the  principal  directions 
in  accordance  with  Hooke's  law,  it  is  possible  to  obtain 


from  these  equations 
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With  strict  similarity  of  the  ratios  of  stresses  should  be 


equal,  i.e.. 


consequently 
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The  middle  part  of  this  equation  may  be  equal  to  one  only  in 
the  case  when: 
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The  first-  case  corresponds  to  uniaxial  state  of  stress  with  the 
principal  stress  0^  . Tiie  second  case  is  equivalent  to  the  condition 
that  o*2  ■ -<T_ 3 in  deformation  of  pure  slip  caused  by  twisting  the  rod 
in  respect  to  axis  1.  Hence,  the  full  similarity  of  the  three- 
dimensional  state  of  stress  with  simultaneous  similarity  of  relative 
deformations  is  possible  only  with  yu^,  **  yaj.j . 

Similar  conclusions  should  be  reached  as  a result  of  analyses 
of  two  other  principal  deformations  d-2  and  £.3. 

Let  us  discuss  simulation  of  the  state  of  stress  of  a completely 
submerged  propeller  without  presence  of  cavitation  and  assuming  that 
the  effect  of  the  propeller's  weight  may  be  disregarded.  The  system 
of  parameters  which  characterize  the  geometrical,  elastic-dynamic, 
and  hydrodynamic  similarity  of  an  actual  propeller  and  its  model 
includes  the  following  parameters: 

U - typical  linear  dimension  of  propeller  (diameter) ; 

E - modulus  of  elasticity  of  material; 
yu  - Poisson's  ratio; 

\r-  velocity  of  incident  flow; 

n - propeller  rpm; 

V - coefficient  of  kinematic  viscosity  of  liquid; 

f* - specific  gravity  of  propeller  material; 

Pc  - density  of  surrounding  medium. 

Out  of  the  above  eight  parameters,  of  which  only  three  have 
independent  dimensions,  it  is  possible  to  compose  five  dimensionless 
parameters  or  criteria  of  similarity,  the  numerical  values  of  which 
in  similar  systems  or  phenomena  should  be  the  same: 

v . \m-U-  , 

m r ' /•  ' v • 

The  last  of  the  mentioned  criteria  of  similarity  is  the  Reynolds 
number.  Since  hydrodynamic  studies  of  propeller  models  usually  are 
carried  out  at  high  Reynolds  numbers,  which  exceed  certain  critical 
values,  it  may  be  assumed  that  the  phenomena  of  hydrodynamic  charac-  /103 
ter  take  place  naturally,  and  it  is  therefore  possible  to  exclude 
the  Reynolds  number  from  among  the  necessary  criteria  of  similarity 
indicated  above. 
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Maintaining  equality  of  the  four  remaining  criteria  for  the 
model  and  an  actual  object  is  compulsory  in  realization  of  full 
similarity  o:‘  their  elastic-dynamics  state  of  stress. 

The  necessity  of  maintaining  equality  of  the  Poisson's  ratio  of 
the  material  of  both  the  actual  propeller  and  its  model  presents 
certain  requirements  in  selecting  material  for  the  model.  In  most 
cases  for  studying  state  of  stress  models  are  made  of  the  same 
material  as  the  propellers  themselves  (brass,  bronze).  However, 
even  in  such  a case,  it  is  quite  difficult  to  obtain  si  milary  of 
state  of  stress  in  a large  size  propeller  and  in  its  small  model 
under  laboratory  conditions.  Indeed,  if  “ f = Ej,,  and  the 

model  is  tested  in  water  (P„  „),  then  from  conditions  of 

equality  of  the  third  and  the  fourth  of  the  above  listed  criteria 
for  a model  and  an  actual  object  it  follows  that 

«„/>„  II  JV  I’m 

i.e.,  velocities  of  flow  under  actual  conditions  and  in  the  testing 
model  should  be  the  same  and  the  ratio  of  angular  velocities  of  the 
actual  object  and  the  model  should  be  constant  and  equal  to  the 
linear  scale. 

Technical  resources  of  regular  laboratory  equipment  used  for 
testing  propeller  models  cannot  provide  equality  of  flow  velocities 
for  the  model  and  the  actual  object.  Velocities  at  which  models  are 
tested  are  usually  lower  than  those  in  actual  opei-ation.  As  a result, 
relative  deformations  of  blades  and  stresses  emerging  in  them  are  also 
lower  in  simulation  testing  as  compared  with  actual  operating  condi- 
tions. Therefore,  tests  of  propeller  models  show  that  the  model  is, 
as  it  were,  stronger  than  the  actual  propeller. 

Because  of  these  circumstances,  special  requirements  are 
presented  for  measuring  equipment  used  in  testing  models,  since 
this  equipment  must  provide  for  measuring  extremely  small  relative 
deformations  and  low  stresses. 

The  most  expedient  method  of  studying  state  of  stress  in 
propellers  by  means  of  testing  models  is  measuring  the  relative 
deformation  of  blades  with  the  help  of  strain  gages.  This  method 
makes  it  possible  to  assume  that  the  state  of  stress  in  a propeller 
blade  is  two-dimensional  and  that  for  the  full  characteristic  of 
this  state  of  stress  it  is  necessary  to  determine  principal  deforma- 
tions and  the  angle  formed  by  the  direction  of  one  of  them  and  one 
of  the  axes  selected  arbitrarily.  Practically  this  task  is  reduced 
to  measuring  deformation  in  some  three  directions  and  a subsequent 
calculation  of  principal  deformations  and  also  their  directions  for 
all  points  at  which  strain  gage  sockets  are  located. 
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Measuring  deformations  of  proneller  blade  model  surfaces  most 
often  is  performed  with  the  help  of  wire  strain  gages  forming 
rectangular  sockets.  A diagram  of  their  distribution  on  the  blade 
surface  is  shown  in  Figure  ii3.  The  total  number  of  sockets  on  one 
model  of  a propeller  readies  twenty,  while  the  total  of  adhesively 
bonded  strain  gages  reaches  sixty.  After  bonding  of  strain  gages, 
the  areas  of  the  blade  surface  occupied  by  strain  gages  and  branch* 
: ing  off  conductors  are  coated  with  moisture  protecting  compound. 


lf\\/ 


Fig.  1(3.  Diagram  of  location  of  strain  gage  sockets  on 
the  surface  of  a propeller  blade  model 


It  should  be  noted  that  experiments  in  measuring  deformations 
of  propeller  blades  require  development  of  high-quality  current 
collectors  which  make  it  possible  to  transmit  electric  signals 
from  sockets  rotating  together  with  the  propeller  to  amplifying 
and  recording  devices. 

As  an  example.  Figure  lli  illustrates  oscillograms  of  relative 
deformations  fixed  at  a certain  points  of  a model  propeller  blade 
surface  during  operation  in  a uniform  or  inclined  flow.  Usually 
propellers  of  high-speed  ships,  such  as  gliding  boats,  hydrofoils, 
and  others,  operate  in  an  inclined  flow.  In  operation  of  a 
propeller  in  an  inclined  flow,  deformations  of  its  blades  have 
two  components  on  the  oscillogramj  a constant  one  and  a clearly 
expressed  variable  component  superposed  on  it  (varying  with 
frequency  which  is  equal  to  revolutions  of  the  propeller  per  unit 
of  time).  Oscillograms  in  Figure  iiii  show  deformations  in  the 
course  of  change  in  propeller  operation  from  the  nominal  regime 
to  the  full  stop. 


After  deformations  for  the  number  of  blade  points  measured  in 
* three  directions  are  known,  it  is  possible  to  determine  the  direc- 
tions and  amount  of  principal  deformations  in  these  points  using 
rectangular  strain  gage  sockets. 
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Fig.  hh.  Oscillogram  of  stresses  emerging  in  a propeller 
blade  during  operation  in  a uniform  (1)  or 
inclined  (2)  flow 


The  principal  stresses  and  their  directions  can  be  found  from 
principal  deformations  with  the  help  of  Hooke’s  law  for  the  two- 
dimensional  state  of  stress 
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As  an  example,  in  Figure  is  shown  the  distribution  of 
maximum  principal  stresses  along  the  intake  side  of  a propeller 
blade  in  cross  sections  located  at  relative  radii  of  0.33  and  0.6. 
This  diagram  of  stress  distribution  was  obtained  experimentally  by 
means  of  tests  in  a cavitation  tunnel. 
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Fig.  U5.  Distribution  of  maximum  principal  stresses  at  the 
intake  side  of  the  blade  of  a propeller  model 

(Z  3;  V,  " '■■■  "n 

obtained  in  testing  in  a cavitation  turinel 

Of  particular  interest  are  experimental  studies  of  the  state  of 
stress  of  propeller  models  at  which  the  external  load  of  the  blade 
is  assigned  by  some  schematized  form  of  its  distribution,  such  as 
pressure  uniformly  distributed  on  the  blade  surface  or  varying 
linearly  along  the  radial  and  tangential  directions. 

A unit  for  simulation  of  uniformly  distributed  loads  on  the 
blade  surface  is  shown  in  Figure  I46 j loads  are  created  at  the  expense 
of  excess  pressure  in  a special  rubber  chamber  which  is  located  under 
the  blade  being  tested  within  a hollow  cylinder.  In  the  course  of 
experiment,  stresses  and  elastic  displacements  (deflections)  are 
recorded  at  certain  point.;  of  the  blade. 
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Copy  available  to  DDC  does  not 
permit  fully  legible  reproduction 
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Fig.  I46.  Experimental  unit  for  creating  uniformly 
distributed  load  on  a propeller  blade 
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Fig.  U7.  Experimental  unit  for  static  application  of 
load  on  a blade  according  to  a given  law 
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Fig.  ii8.  Distribution  of  principal  stresses  in  a root  cross 
section  of  a propeller  blade  with  various  character 
of  external  forces  application 

I - load  uniformly  distributed  along  the  chord  of 
cross  section;  II  - load  varying  according  to  a 
linear  law;  III  - load  higher  in  intensity  uniformly 
distributed  along  half  of  the  chord  length 


In  the  figure  are  shown  strain  gage  sockets  for  measuring 
relative  deformations  and  dial  indicators  that  show  deflections. 

The  overall  view  of  the  unit  for  creating  variable  loads  on 
blades  which  vary  in  both  radial  and  tangential  directions  according 
to  a prescribed  law  is  presented  in  Figure  h7.  External  forces  are 
imitated  by  discrete  loads  which  are  applied  to  a sufficiently  large 
number  of  cross  sections  close  to  each  other.  Stepped  change  of 
load  obtained  in  this  way  may  with  sufficient  accuracy  be  considered 
as  continuous  load  change. 

Figure  I48  illustrates  the  distribution  of  principal  stresses  in 
a root  section  of  the  blade  measured  with  the  help  of  the  above  unit. 
In  the  course  of  experiment,  the  law  of  distribution  of  applied 
external  forces  was  varied.  In  the  same  figure,  diagrams  of  external 
forces  application  are  included.  The  resultant  of  the  external 
forces  remains  in  all  cases  constant  and  the  difference  consisted 
only  in  the  magnitude  of  torsional  moments  which  cause  mainly 
tangential  stresses.  As  seen  from  these  force  diagrams,  the 
difference  between  the  uniform  external  load  and  that  varying 
according  to  linear  law  does  not  lead  to  a considerable  change 
in  the  distribution  of  normal  stresses  in  a cross  section  of  the 
blade  under  consideration.  This  and  the  other  results  of  the 
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experiment  confirm  the  hypothesis  that  in  approximate  methods  of 
propeller  strength  evaluation  it  can  be  considered  that  the 
external  load  on  the  blade  is  uniformly  distributed  along  the 
complete  length  of  the  chord  of  the  blade. 

Figure  09  illustrates  a graph,  of  changes  in  principal  stresses 
at  intake  and  forcing  sides  of  the  blade  root  cross  section.  There 
is  also  a curve  of  stresses  plotted  as  a result  of  calculation  by  a 
method  discussed  in  Section  0,  where  the  blade  is  considered  to  be 
a cantilever  beam.  Satisfactory  agreement  of  results  ol'  calcula- 
tion and  experiment  by  maximum  stresses  is  a basis  for  considering 
that  it  is  rightful  to  use  approximate  methods  for  practical 
strength  calculations  of  ship  propellers. 

Experimental  studies  of  propeller  models  make  it  possible  to 
expose  the  weakest  points  of  calculation  methods  being  used.  For 
example,  experimental  data  show  that  cross  sections  of  the  blade 
have  distorted  neutral  axes  which  probably  approach  the  form  of 
median  lines  of  cross  sections  (see  Fig.  ii9). 


Fig.  09.  Distribution  of  principal  stresses  at  intake  and 
forcing  sides  of  the  root  cross  section  of  the 
blade.  I - experiment;  II  - calculation. 

Although  the  supposition  that  the  neutral  axis  of  cross  sections  /109 
is  a straight  line  does  not  affect  noticeably  the  magnitude  of  maximum 
stresses,  utilization  of  this  supposition  in  developing  calculation 
methods  for  evaluating  the  local  strength  of  a blade  near  its  edges 
might  lead  to  considerable  errors. 
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Section  lit.  Fuli-_S£ale  Tests  of  Prone]  3 or  Blades  V.'it.h  the 
Vurno::e  oY  i-W- timiining  tne  State  of  Sircss 
in  Turin 


Measuring  streamer;  in  the  propeller  blade  of  a full-scale  ! 

object  is  an  ex Ircmelv  complex  problem  from  the  point  of  view  1 

of  technical  realization  of  the  experiment.  One  of  the  main  ] 

problems  in  to  provide  reliable  hydroinsu? ation  of  the  stress  -j 

pickups  (deformations).  As  in  the  case  of  experiments  with  j 

models,  usually  wire  or  semiconductor  strain  pope  transducers 
are  used  in  the  form  of  rectangular  sockets  placed  on  propeller 
blades.  They  are  subjected  i o the  action  of  hydrodynamic 
pressures  and  high  flow  velocities  which  contributes  to  the 
breakdown  of  hydro  in  :a!  ation  of  strain  gages  and  which  often 
makes  these  pages  useless. 

An  inherent  part  of  technical  instrumentation  used  in  experi- 
ments is  a complicated  current  collector  for  transmitting  signals 
from  the  rotating  shaft  line  to  recording  devices.  Current 
collectors  under  ship  conditions  have  to  be  located  in  areas  with 
increased  humidity,  which  often  require  special  measures  to 
provide  for  their  efficiency. 

Finally,  if  the  purpose  of  the  experiment  is  to  measure  not 
only  static  but  also  dynamic  stresses  in  propeller- blades,  a 
serious  problem  emerges  to  eliminate  in  the  transmitted  signal 
distortions  caused  by  vibrations  of  the  main  engine  and  stern 
part  of  the  ship. 

Because  of  purely  technical  difficulties  and  also  because  of 
the  relatively  high  cost  of  preparations  for  such  tests,  only 
individual  experiments  have  been  carried  out,  which  provided 
sufficiently  explicit  and  reliable  results. 

Measurements  of  stresses  in  the  propeller  blade  of  a high- 
tonnage  tanker  were  carried  out  by  the  Scientific  Research  Center 
for  Ship  Building  and  Marine  Navigation  with  participation  of  the 
Experimental  Water  Basin  in  the  Netherlands  (It!?). 

Under  operating  conditions,  the  propeller  blade  is  subjected 
to  the  action  of  hydrodynamic  load,  load  caused  by  the  action  of 
centrifugal  forces  and  forces  of  weight,  and  also  to  the  action 
of  load  caused  by  the  vibration  of  the  blades  and  propeller  as  a 
whole.  The  main  subject  of  studies  in  (li!>)  was  static  and  dynamic 
stresses  of  a propeller  blade  caused  by  the  action  of  hydrodynamic 
forces. 
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Tests  were  carried  out  on  a tanker  with  a displacement  of 
h2,000;n^  equipped  with  n steam  turbine  power  unit  with  a capacity 
of  10,200  hp.  This  unit  provided  for  a cruising  speed  of 
15.5  knots  at  102  rpm  of  the  ship  propeller  (four  blade,  6.53  m 
in  diameter).  A sketch  of  this  propeller  is  shown  in  Fig.  30. 

In  the  course  of  experiments,  stresses  were  measured  in  a root 
crops  section  of  the  blade  at  a relative  radius  of  0.25.  Ten 
strain  gage  sockets  were  placed  equally  on  both  intake  and 
forcing  sides  of  the  blade  (Fig.50). 


side  side 

Fig.  50.  Position  of  strain  guge  sockets  along  the  profile 
of  the  propeller  blade. 

Each  socket  consisted  of  three  strain  gages  positioned  as  is 
shown  in  Figure  b3  and  forming  the  active  arms  of  an  electric 
Winston  bridge.  Passive  arms  of  the  circu't  are  formed  by  tempera- 
ture compensation  strain  gage  pickups  adheseveuy  bonded  on  a special 
disk*  in  the  propeller  cone  and  precision  resistances  placed  on  a 


*Disk  and  propeller  are  made  of  the  same  material. 


shaft-line  within  the  ship  hull.  Altogether,  there  were  30  bridges 
revolving  together  with  the  propeller  shaft. 


Table  13.  Magnitude  of  Maximum  Principal  Stresses  (krA‘V*) 
in  the  Root  Cross  Section  ol‘  a Iropcller  blade 


Angle  of  blad-i 
turn  0 during 
operation  of 
propeller, 
degrees 


Forcing  surface  of  the  blr.de 


Intake  eurfeco  of  the  blade 


Stresses  at  strain  gago  sockets  (see  PiR.SO) 
t ] IV  | V | VI  | VII  | vllt  j ix  j 


Average  value 
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Table  13  provides  data  on  the  magnitude  and  direction  of  maximum 
principal  stresses  measured  during  full-scale  tests  and  depending  on 
the  angular  position  of  the  blade  0#  during  motion  of  the  ship  with 
full  displacement  end  at  102  rp:n  of  the  propeller. 


♦Measuring  of  angle  6-  is  done  from  the  top  position  of  the 
blade  in  the  direction  of  propeller  rotation. 


Based  on  the  test  results,  the  f dLlcwing  conclusions  were 
reached: 


central  parts  of  the  root  cross  section  of  the  blade  are 
subjected  to  maximum  loads; 

direction  of  maximum  principal  stress  differs  little  from  the 
radial  directio.  ; +he  second  principal  stress  is  perpendicular  to 
the  first  one  bat  is  considerably  smaller  in  magnitude; 

the  cyclic  component  may  reach  8 0%  of  the  average  value  of 
acting  stress  depending  on  the  variation  of  non-uniformity  of  the 
velocity  field  in  the  area  of  the  ship  propeller;  maximal  value  is 
observed  in  the  zone  of  maximum  wake  while  the  minimum  value  is  in 
the  zone  of  minimum  wake. 


The  average  values  of  stresses  obtained  experimentally  were 
compared  (Fig.  51)  with  calculated  values  obtained  by  the  methods  of 
Taylor,  Romsom,  and  Rosingh.  Comparison  demonstrates  completely 


Fig.  J>1.  Comparison  of  data  obtained  in  full-scale 
experimental  test  with  calculated  results. 

1 - experiment;  2 - calculation  according  to 
Taylor's  method;  3 - calculation  according 
to  Romsom;  U - calculation  according  to 
Rosingh. 
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Of  special  interest  are  full-scale  tests  of  ship  propellers 
carried  out  by  Berlin  University  in  cooperation  with  the  Hamburg 
Shipbuilding  Institute  and  Shipyard  Hovaldswerke  (35)  for  the 
purpose  of  studying  stresses  in  propeller  blades. 

The  propeller  manufactured  of  aluminum-nickel  bronze  possessing 
high  mechanical  properties  had  the  following  parameters: 

Diameter,  I4.8 

Pitch  ratio  ..........  1.055 

Disk  ratio  . 0.71 

Number  of  blades  .......  p 

Tests  were  carried  out  on  a refrigerator  ship  "Peku"!’1  with  a 
Diesel  engine  unit  with  a capacity  of  11,1|00  hp  at  Dj2  rpm  of  the 
propeller. 

In  the  course  of  tests,  deformations  arid  stresses  in  the 
propeller  blade  during  operation  of  the  propeller  and  also  frequencies 
of  natural  vibrations  of  the  blade  in  air  and  water  were  determined. 

Deformations  were  measured  by  strain  gages  bonded  on  the  blade 
along  the  line  of  maximum  thicknesses  in  cross  sections  at  0.28R, 

0.ii5R,  0.68R,  and  0.82K.  Wires  from  the  strain  gage  were  lead  out 
to  the  inside  c.f  the  ship  hull  through  the  hollow  propeller  shaft 
and,  with  the  help  of  a contact  collector,  were  connected  with  the 
amplifier  and  automatic  recorder.  Blade  deformations  were  measured 
at  propeller  rpra  from  n“60  to  n**137  rpm.  Directly  before  testing  /lllj 

at  a full  stip  of  the  ship,  the  zero  point  of  measurement  was 
determined.  Dince  the  position  of  zero  points  varied,  it  was  not 
possible  to  determine  absolute  values  of  the  amount  of  deformations. 

However,  results  of  measurements  make  it  possible  to  derive  a 
conception  of  variations  of  stresses  amplitude  as  a result  of 
propeller  operation. 

In  Figure  52  is  presented  a graph  illustrating  the  dependence 
of  double  amplitudes  of  normal  stresses  2cT  in  the  blade  cross  sections 
located  at  different  distances  from  the  axis  of  propeller  rotation, 
on  propeller  rpm  - n.  The  graph  shows  that  an  increase  in  n causes 
a change  in  stresses  magnitude.  At  137  rpm  the  maximum  value  of 
double  amplitudes  of  stresses  in  a root  section  of  the  blade  was 
approximately  160  kg/cm^,  while  this  stress  variation  at  the  cross 
section  furthest  from  the  hub  was  about  115  kg/cm^.  As  was  expected, 
the  root  cross  section  of  the  blade  was  subjected  to  maximum 
stresses. 
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Fig.  52.  Dependence  of  double  amplitudes  of  normal 
stresses  in  a propeller  blade  on  the 
rotational  speed  of  the  propeller. 

1.  r*0.28R;  2.  r=0.1i5R;  3.  r=0.68R; 

14.  r-0.82R. 


Frequencies  of  natural  bend’ng  vibrations  of  propeller  blades 
were  measured  during  docking  of  the  ship.  Vibrations  (in  air  and 
with  partial  submersion  of  the  propeller  in  water)  were  induced  by 
an  impact.  The  natural  frequency  of  the  first  form  of  bending 
vibrations  of  the  blade  in  water  was  found  to  be  almost  half  that 
of  the  sirp.il ar  vibration  frequency  of  the  blade  in  air;  more 
accurately. 


water' 


- 0.51  f. 


end  its  value  approaches  the  frequency  of  the  7th  harmonics  of 
hydrodynamic  load.  In  spite  of  the  fact  that  the  coefficient  of 
dynamic  amplification  in  this  case  is  within  the  range  of  lj-5» 
the  resonance  phenomenon  is  not  dangerous  here,  sinc-c  the  amplitude 
of  the  7th  harmonics  of  hydrodynamic  load  during  motion  of  a ship 
in  calm  water  is  very  small.  Measurements  showed  that  in  rough  sea, 
amplitudes  of  hydrodynamic  load  may  increase  3-)j  fold,  Magnitudes 
of  stresses,  calculated  for  maximum  loads  to  which  propeller  blades 
of  the  ship  "Pekari"  might  be  subjected  in  the  course  of  operation, 
are  given  in  Table  II4. 

The  blade  material  (aluminum-nickel  bronze)  possesses  the 
following  properties:  tensile  strength  rtQ  * 6200  - 6800  kg/cm* 

and  fatigue  limij-  in  bending  based  on  lO'’  cycles  in  sea  water 
(S'  ^ » 800  kg/ern^.  The  average  permissible  stress  of  a zero 

cycle  is  650  kg/cm^  while  the  magnitude  of  respective  maximum 
stress  is  1300  kg/cm^.  This  range  of  stresses  is  lower  than  that 
shown  in  Table  1)4,  which  indicates  the  possibility  of  a premature 
breakdown  of  the  propeller  blade. 
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Based  on  the  obtained  results  (35)>  it  is  concluded  that  the 
blade  thickness  should  be  selected  based  on  consideration  of  the 
fatigue  strength  of  the  blade  material. 
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CHAPTER  IV.  STRENGTH  OF  ASSEMBLED  SHIP  PROPELLERS 
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Propellers  with  blades  which  are  not  cast  as  one  piece  with  the 
hub  but,  are  fastened  to  the  hub  by  one  method  or  another  are  of  the 
type  of  so-called  assembled  propellers;  to  this  type  belong  also 
propellers  with  detachable  blades. 

Assembled  propellers  with  blades  fastened  to  the  hub  by  means 
of  a flange  joint  are  the  most  widely  used  (Fig.  53). 

Section  l£.  Pete  mining  External  Forces  in  Strength 
Calculation;,  of  Assembled  Propel  I era 

Strength  calculation  of  the  blade-hub  joint  may  be  performed  by 
taking  into  account  either  operational  loads,  i.e.,  external  forces 
to  which  propeller  blades  are  subjected  during  operational  condi- 
tions, oi  maximal  loads. 

Operational  load  on  the  blade  is  calculated  by  formulae  given 
in  Chapter  I and  II,  depending  on  the  method  used  (static  or  cyclic 
character  of  external  forces  acting  on  the  blade). 

In  calculations  of  the  static  and  cyclic  strength  of  flange 
joints,  centrifugal  forces  of  inertia  and  bending  moments  caused  by 
them  should  also  be  taken  into  account.  The  magnitude  of  centri- 
fugal force  is  a function  of  the  total  mass  of  the  blade  including 
the  flange.  The  method  of  determining  the  bending  moment  which 
acts  on  the  studs  as  a result  of  centrifugal  forces  may  be  the 
same  as  that  used  for  strength  calculations  of  solid  cast 
propellers  (see  Section  2). 


Flange  joints  of  blades  with  the  hub  are  considered  to  be 
heavily  loaded  bolt-type  joints  with  a prestrain  which  has  a 
considerable  effect  on  the  characteristics  of  the  load  cycle 


to  which  studs  are  subjected  r^ 


^min  as  compared  with  the 
o' 


max 

characteristics  of  a variable  load  acting  01  a propeller  blade 
and  decreasing  the  amplitude  of  load  pulsation. 


This  fact  makes  it  possible  to  perform  calculations  of  the 
cyclic  strength  of  a flange  joint  principally  for  single-shaft  ships 
with  greater  nonuni  found ty  of  the  velocity  field  in  the  propeller 
disk  and  a high  value  of  load  coefficient  in  respect  to  thrust. 

Strength  calculation  of  flange  joints  of  propeller  blades  with 
the  hub  is  particularly  necessary  for  ships  navigating  in  ice  and 
for  ice  breakers  as  well  as  for  ships  navigating  in  waters 
contaminated  with  solid  objects. 
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Fig.  53.  Ship  propeller  with  detachable  blades 

In  full-scale  studies  of  the  character  of  ship  propeller  inter- 
action with  ice  carried  out  by  S.  V.  Y'akonovskiy  and  M.  K.  Nikitin 
on  the  ice  breakers  "Kapitan  Voronin"  and  "Kapiton  Melekhov",  it  was 
determined  that  the  number  of  collisions  of  the  propeller  with  ice 
is  a random  number  which  varies  within  the  range  between  3 and  8 for 
one  revolution  of  the  propeller.  Nominal  duration  of  one  impact  is 
about  0.03  - 0.05  second  end  the  stresses  in  propel] or  blades  may 
reach  1000  kg/cn'’  which  is  10  to  15  fold  higher  than  the  stress 
level  during  operation  in  clean  water. 

Tine  extremely  complex  dynamics  of  the  p'opeller  impact  have  not 
yet  been  sufficiently  studied  and  therefore,  in  strength  calculations 
oi  propellers  with  detachable  blades  of  ships  for  ice  navigation, 
towboats,  and  ice  breakers,  various  assumptions  arc  made  (12).  To 
these  conditional  calculations  also  belong  calculations  of  studs  by 
taking  into  account  maximum  loads. 

Determination  of  the  dimensions  of  sufficiently  strong  studs 
for  fastening  blades  to  the  hub,  taking  into  account  maximal  loads, 
is  based  on  the  principle  that  in  designing  the  structural  complex 
"propeller  - propeller  shaft"  there  must  be  maintained  a certain  /137 

arrangement  of  mutual  strength  of  all  elements  of  the  structural 
complex  (disregarding  navigation  conditions  in  ice  or  clear  water) 

(10),  (18). 

The  weakest  link  in  this  complex  is  the  blade.  In  the  case  of 
a blade  breaking  in  the  plane  of  minimum  rigidity,  the  fastening 
studs  and  propeller  shaft  should  not  have  plastic  deformations,  i.e., 
stresses  appearing  in  them  should  not  exceed  the  yield  point  of  the 
material. 
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Breakdown  of  the  blade  may  be  canoed  not  only  by  the  impact 
force  acting  in  the  direction  perpendicular  to  the  plane  of  minimum 
rigidity  of  the  blade  but  also  by  a force  directed  unde.  an  angle 
to  this  plane.  Under  certain  conditions  force  vectors  causing 
breaking  of  th*-  blade  may  also  coincide  with  the  lino  perpendicular 
to  the  plane  of  maximum  rigidity.  As  a rule,  the  strength  of  the 
blade  in  the  direction  of  maximum  rigidity  exceeds  the  strength  of 
the  propeller  shaft.  However,  because  the  total  section  modulus 
of  nil  studs  of  the  flange  joint  in  respect  to  the  axis  in  the 
plant-  of  maximum  rigidity  of  the  blade,  is  practically  equal  to 
the  total  section  modulus  of  all  studs  of  the  flange  joint  in 
respect  to  the  axis  in  the  plane  of  minimum  rigidity  and  in  some 
cases  is  even  loser  than  that,  the  propeller  shaft  as  a result 
does  not  break  down. 


However,  with  the  extensive  fluctuation  of  hydrodynamic  forces 
on  propeller  blades  and  also  under  the  action  of  impact  forces, 
calculation  by  taking  into  account  maximum  static,  loads  might  not 
provide  for  sufficient  fatigue  strength  of  studs,  and  an  additional 
corresponding  verifying  calculation  will  be  necessary  (see  Section  8). 


Section  16.  Strength  Calculation  of  Flanged  Joints 
of  Assembled  Propel 1 era 


flange  joints  of  blades  with  the  hub  of  the  assembled  ship 
propeller  are  considered  to  be  .in  the  group  of  parts  joined  by 
studs.  Calculation  of  such  joints  consists  in  determining  forces 
acting  on  the  stud  subjected  to  the  highest  load  and  strength 
calculation  of  this  stud. 


When  a joint  of  several  parts  is  subjected  to  the  action  of 
bending  moment,  the  studs  arc  subjected  to  unequal  loads.  The 
magnitude  of  the  design  calculation  load  depends  to  a large  extent 
on  the  following  principal  premises  (6)  on  which  strength  calcula- 
tions of  flange  joints  of  propellers  are  based. 


1.  Both  parts  — flange  of  the  blade  and  the  hub  — possess 
very  high  rigidity.  Therefore,  it  may  be  assumed  that  there  are 
no  deformations  of  parts  at  the  contact  surfaces  because  of 
preliminary  tightening  of  studs,  and  the  turn  of  the  supporting 
surface  of  the  blade  flange  as  a result  of  bending  moment  applica- 
tion will  take  place  in  respect  to  the  flange  edge  or  in  respect 
to  the-  line  connecting  the  outer  studs. 


2.  Both  parts  being  joined,  or  at  least  one  of  them,  possess 
certain  pliability  (the  blade  flange  has  several  cutouts,  the  blade 
i3  made  of  nonferrous  metal,  the  area  of  the  supporting  surface  on 
the  hub  is  small).  In  such  a case,  after  the  moment  is  applied, 
one  part  of  the  butt  joint  will  be  subjected  to  additional  load 


1 


128 


while  the  load  on  the  ether  part  will  decrease.  The  turn  of  the  blade 
will  take  place  in  respect  to  the  axis  which  passes  through  the  center 
of  gravity  of  the  working  part  of  the-  contact  area,  which  is  suffi- 
ciently close  to  the  general  center  of  gravity  oj  cross  sectional 
areas  of  all  studs  clamping  the  blade  to  the  hub. 

In  strength  calculations  by  maximum  stresses,  it  is  considered 
that  the  "axis  of  overturning"  passes  through  most  remotely  located 
studs.  This  almost  always  happens  in  reality.  In  calculations  on 
operational  loads,  the  second  premise  is  usually  used. 

It  should  be  taken  into  account  that  in  the  latter  case,  the 
magnitude  of  maximum  (calculation)  load,  which  fails  on  the  most 
heavily  loaded  stud,  is  higher,  since  in  turning  the  flange  in 
respect  to  the  axis  passing  through  the  common  center  of  gravity 
of  cross  sections  of  all  studs,  the  tension  forces  are  received 
only  by  some  of  the  studs.  This  to  some  extent  increases  the 
margin  of  safety  of  the  joint  as  a whole. 

The  simplest  arid  the  most  widely  used  method  of  strength  calcula- 
tions of  studs  fastening  propeller  blades  under  condition  of  static 
action  of  forces  is  calculation  by  maximum  load,  v.-hich  is  discussed 
in  detail  in  (9). 

Based  on  the  mutual  arrangement  of  blades  and  studs  strength, 
as  a result  of  calculation,  the  necessary  diameter  of  studs  is 
determined  for  a given  number  of  studs  and  their  positioning  on 
the  blade  flange  (Fig.  5>U). 


Fig.  Sh.  Schematic  diagram  of  the  blade  flange  and 
"overturning"  axis 


It  is  supposed  that  the  blade  is  "overtuning"  in  respect  to 
axes  X-X  and  Y-Y,  which  pass  through  the  outer  studs  (see  Fig.  5h). 
Moments  in  respect  to  these  axes  Mx  and  Ky  are  components  of  a 
moment  which  causes  breaking  of  the  blade'  at  its  root  cross  section. 
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where  W - section  modulus  of  the  blade  cross  section  in  respect 
to  the  axis  of  minimum  rigidity; 


<<  v,  - coefficient  from  Table  6; 
b - blade  width  in  the  root  cross  section; 
e - blade  thickness  in  the  same  cross  section; 
<5^^-  tensile  strength  of  blade  material. 

Calculation  of  Stud  Diameter  (13) 


Designations 


Coordinates  of  center  of  gravity  of 

studs  cross  sections,  c.;n  .</„  ,.y„ 

Tensile  strength  of  blade  material, 

kg/cm2  "',1 


Maximum  bending  moment,  kg»cm 
Components  of  bending  moment,  kg/cm 
Number  of  studs 

Arbitrary  coordinates  of  center  of 
gravity  of  studs,  cm 

Tension  force  in  the  stud,  kg 

Yield  point  of  stud  material,  kg/cm2 

Cross  sectional  area  of  the  stud,  cm2 

Stud  diameter,  cm 


A1  fi  I'm"' 

— M sin  ij-;  M¥  A I luS  T 


x ~ *■ + x» + ■ : ■ + ■*«  -.r*-  *„ 

ll 


Q,.  • Ah 

x V * 


O.UI1 


r 


III 


Q 


d =- 


I 


/>» 

o.7n:, 


Position  of  3tuds  on  the  flange  is  shown  in  Figure  bit . 
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Calculation  is  performed  for  determining  stud  diameter  and 
dimensions  ol‘  other  ©Dements  of  the  flange  joint  of  propellers 
also  for  other  ships  for  any  conditions  of  navigation  in  ice. 

Propellers  subjected  to  Ion  leads  and  diameters  not  exceeding 
Jb.O  in  do  not  require  any  additional  calculation;  they  require 
only  verifying  calculation  in  accordance  with  requirements  of 
the  Register  of  the  USSR. 

Another  calculation  method  for  determining  the  static 
strength  of  studs,  which  much  more  precisely  takes  into  account 
the  real  operational  conditions  and  which  in  some  cases  is  used 
ss  the  second  approximation,  was  suggested  by  Professor  V.  A. 

Dmitriyov  (8),  (15).  As  a result,  the  magnitude  of  stresses  in 
the  elements  of  the  flange  joint  is  determined,  the  dimensions 
of  which  veto  determined  in  the  first  approximation  by  the 
calculation  based  on  the  maximum  stresses. 

Such  calculation  is  performed  for  propellers  operating  in  a 
relatively  uniform  velocity  field  with  negligible  fluctuation  of 
hydrodynamic  forces  acting  on  the  blades  (two-shaft  ships,  single- 
shaft  ship  with  block  coefficient  6 0.8). 

It  is  assumed  that  the  propeller  blade  is  subjected  to  the  load 
of  hydrodynamic  forces  and  T;  and  at  the  center  of  gravity  to  the  /120. 
load  of  centrifugal  force  Pc  (Figure  55).  These  forces  are  considered 
to  be  constant  in  their  magnitude  and  direction  disregarding  the 
position  of  the  propeller  blade  in  the  flow.  It  is  also  presumed 
that  the  contact  surface  remains  flat  after  load  is  applied  and  the 
turning  of  this  surface  occurs  in  relation  to  the  axis  passing 
through  the  center  of  gravity  of  the  contact  surface  sufficiently 
close  to  the  general  center  of  gravity  of  the  cross  sections  of  all 
studs;  at  the  seme  time,  it  is  presumed  that  the  load  to  which  each 
individual  stud  is  subjected  is  proportional  to  the  distance  between 
the  stud  and  the  axis  of  turning. 


Fig.  55.  Forces  acting  on  the  propeller  blade  during 
operation  of  a propeller 
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External  action  on  the  blade  comprii.es  the  action  of  the  follow 
inf;  1 iior^nts  ana  forces  at  the  flange  contact:  moment  Mp  from  the 

action  of  thrust  forces  in  XOZ  plane,  moment  Ky  from  the  action  of 
tangential  force  in  Y02  plane,  and  the  moment  Kz  from  the  action  of 
hydrodynamic  forces  in  respect  to  02  axis  (see  Fig,  55  )i  centrifugal 
fojce  H(l,  which  is  perpend? eular  to  the  flange  plrnK-o  and  the 
transverse  force  I’r  acting  in  the  plane  of  contact. 


•fcbor.tf  acvj  .t'on  between  direction  of  centrifugal  force  action” 
and  the  02  axis  is  disregarded  since  it  little  affects  calculation 
results. 


The  transverse  force  I i H does  not  affect  the  strength  of 
studs  since-  this  force  is  absorbed  by  the  centering  projection  located 
on  the  blade  flange  (see  Fig,  53).  It  \:v.c.  determined  by  calculations 
that  shearing  and  crumpling  stresses  in  the  centering  projection  are 
very  low  and  it  is  not  necessary  to  perform  strength  calcul.ati.ons  for 
this  projection. 

Moment  M„  created  by  hydrodynamic  forces*  is  neutralized  by  the 


*ls  a result*  o'  forces  of  ice,  see  p.lJJT. 

moment  of  friction  forces  in  the  contact  surface  as  a result  of 
tightening  of  nuts  fastening  the  blade  under  condition  that  the 
design  raid  assembly  of  the  flanged  joint  were  properly  performed. 
This  rakes  it  possible  to  rightfully  disregard  consideration  of  Mz 
in  strength  calculation. 

Hence,  the  contact  surface  of  the  joint  is  subjected  to  the 
action  of  moments  and  Mp  and  the  centrifugal  force  ?c#  The  lb-, 

and  lip  moments  are  calculated  by  the  formulae: 

Ai,.  I', I ii  Alr  7j/, 


where  1 - distance  bctvjeen  the  point  at  which  thrust  and  tangential 
forces  arc  applied  and  the  contact  surface  of  the  blade 
and  the  hub  (see  Mig.  55). 

Figure  56  illustrates  an  arbitrary  diagram  of  the  flange  in 
which  coordinates  of  the  studs  in  respect  to  X-X  and  Y-Y  axes  arc 
indicated  and  a scheme  of  load  application  is  shown. 


When  n joint  with  a number  of  studs  is  subjected  to  the 
simultaneous  action  of  various  forma  and  moments,  a principle  of 
superimposing  may  bo  used,  accordion  to  ul'i-.n  the*  stress  in  the 
n-th  stud  is 


Qr  Q.  \-Q*r  ! • 

" >_>;  ' in' 

r.  r* 


(126) 


Fig.  56.  Arbitrary  diagram  of  the  blade  flange  for  strength 

calculations  according  to  Professor  V.  A.  l.bdtriyev * s 
method 

Calculation  is  pr  ri  orrr.ed  in  th*»  form,  of  Table  3.5  «nd  as  a result, 
the  stud  of  the  flange  joint,  which  is  subjected  to  a maximum  load  is 
determined , 

Table  15.  PgtariAmiti.on  oi*  Forcer  Acting  on  item's  of  n Flensed  Joint 


For  reliable  and  long  service  life  of  the  joint,  of  groat 
importance  is  preliminary  tightening  of  the  studs  fastening  the 
blade,  which  provides  for  the  absence  of  a gap  between  contact 
surfaces  of  the  blade  and  hub. 
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f 


This  tightening  force  Q^»  kg  - is  recommended  to  be  (0,5  /',,,. 

After  calculating  forces,  the  foil owing  values  are  determined: 


rigidity  of  t!,e  flange  coefficient  ( f i g,  5?) 

r*  f*  (127) 

'■i  -a* 

where  modulus  of  elasticity  of  the  fiance  material,  kg/cm^j 

d - diameter  of  holes  on  the  flange  for  studs,  cm; 

D - diameter  of  contact  surface  of  the  nut,  cm; 

ttv-  thickness  of  the  flange  under  the  nut,  cm; 

F,-  -•  area  of  contact  surface  between  the  nut  and  the 

' flange,  cit-; 


coefficient  of  flange  rigidity  (see  Fig.  5>7 ) 

/.  hi  / wi  Ad- 1.  in 

’ i/„,  ’ 


(120) 


/1 22 


v.’hcre  d - diameter  of  the  stud,  cm; 

1,,.  «-•  trp  + 0.3  d - effective  length  of  the  stud,  cm; 

Eu;  - modulus  of  elasticity  of  stud  material,  kg/cm^; 


and  also  the  force  of  final  tightening 

(/  q - n ...  r* — . 


(129) 


To  guarantee  tightness  of  the  joint  after  operational  load  is 
applied,  the  final  tightening  must  be  above  z c-n,  The  force  of 
final  tightening  should  be  selected  depending  on  the  operational 
load  Qj  f kQp.  where  k - 0.5  f 0.6. 

After  tliis,  the  design  force  lor  the  stud  vrhich  is  subjected 
to  the  max  in.  um  stress  is  determined 


Q Q ; oh 

F Vi 

Design  stress  in  the  stud  cross  section  should  be 


(i.r,o  o,c.7o.„. 


13)4 


/„ 


The  force  absorbed  by  the  stud  subjected  to  the  maximum  load 
mikes  it  possible  to  evaluate  the  strength  of  the  stud  and  nut 
thread  and  the  strength  of  the  prop  -Her  hub. 

The  maximum  force  on  the  first#  maximally  loaded  turn  of  the 
thread  is  determined  by  formula 


(130) 


where  kjj  “ 3 - is  load  coefficient; 

n.,  . - number  of  thread  turns  in  the  nut. 

n . i 

The  contact  surface  of  a single  thread  being;  calculated  to 
resist  crumpling 

I',,,  ;> </,«  cm", 

where  d _ median  diameter  of  the  thread,  cm; 
a - height  of  the  thread,  cm. 

The  unit  crumpling  load  of  one  turn  of  the.  thread 


The  permissible  bearing  load  to  which  the  thread  is  subjected 

should  not  exceed  the  yield  point  of  material  of  the  nut  o'  6'  _ . 

cn  s i 

The  rated  shearing  strength  of  a single  turn  of  the  thread  is 


where 


Tc„  k g/  v.\r? 

' T 
•!</[  ,V ' 


vihere  d^  - is  outer  diameter  of  the  thread  in  the  nut,  cm; 

S - thread  pitch. 

The  magnitude  of  the  shear  stress  obtained  in  this  way  should 
satisfy  the  inequality 


Similar  calculations  may  bo  performed  in  evaluating  the  strength 
in  the  thread  elements  of  the  propeller  hub. 


F:l{;.  57. 


Cora-crning  calculation  of  the  flange  rigidity  coefficient 


In  the  eg  sc  of  strongly  inclined  proi  idler  binder,,  when  the 
action  of  the  bending  moment  created  by  the  centrifuj  cl  force  } 
cannot  bo  disregarded,  calc  if!  at  ion  of  the  force  acting  on  each 
individual  stud  is  performed  by  the  formula 


V ,s  ('V-  •«,)  >', 
’•  ' V 


However,  as  was  mentioned  previously,  calculation  of  the  static 
strength  of  studs  fastening  propeller  blades  is  not  always  sufficient. 
The,  verifying  calculation  of  cyclic  strength  of  the  blade  joint,  which 
is  discussed  below,  includes  dote- ruination  of  forces  to  which  studs 
are  subjected,  determination  of  stresses  to  which  the  most  loaded 
stud  is  subjected,  and  determination  of  the  necessary  safety  factor. 


If  the  maximum  and  minimum  values  of  the  thrust  P,  , . , and 

1 max  (mm) 

the  tangential  force  T,  t • \ acting  on  the  propeller  blade  are 
u 1 max (man)  1 l 

knovm,  the  value  of  the  resultant  of  variable*  hydrodynamic  forces 

may  be  determined  by  the  formula  I . 


* Among  variable  forces  may  be  included  impacts  of  blades 
against  the  ice,  without  /if l’cc ting  the  following  discussion. 


The  direction  of  the  resultant  force  is  changing  due  to  non- 
uniformity  of  the  velocity  field  in  respect  to  some  average  direction 
under  an  angle  of 


arc tang 


V 


to  the  axis  of  propeller  rotation  (Fig.  £H). 


/1?U 
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Knowing  the  distance  between  the  flange  r.f,  from  the  axis  of 
propeller  rotation,  it  is  possible  to  determine  moments  created  by 
hydrodynamic  forces  acting  in  the  plane  of  flange  contact  by  tne 
formal ac 

Air,  - /',(»>  r.)  ;>,((), 7R 

All,  V,  (r  7 -r,.)  ' Vj(0,7/v>-  -r„,). 


J 


Knowing  the  weight  of  the  blade  together  with  the  flange  G, 
coordinates  of  the  gravity  force  JL  and  Yq  in  the  X01  coordinate 

system,  and  the  distance;  of  the  center  of  gravity  r^  from  the  axis 

of  the  propeller  shaft  (propeller ) , it  is  possible  to  cnl cul ate.  the 
magnitude  of  centrifugal  force  (with  nominal  rpn  of  the  propeller) 


which  creates  moments  n..  ■=  P X~  and  ]-i„  - P Y in  respect  to  axes 

t c G L x c.  o 

X and  Y passing  through  the  flange  center.  Then,  the  resulting 
ov  e r tu rning  moment 


M, 


tA,v= 


while  the  direction  of  its  vector  forms  the  following  angle  with  the 
Y axis  (Fig.  59). 


rotation 


Fig.  58.  Forces  applied  to  the  blade  flange 
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Fig.  ‘J9. 


Jesuit ant  overturning  moment 


To  do (.ermine  the  variable  cyclic  load,  the  maximum  and  minimum 

values  o.'"  t)it  "ovr> ■turning"  moment  (M  and  H . ) are  found 

pc>3  max  pe3  nan 

The  direction  In  which  this  moment  is  acting  little  depends  on 
its  magnitude.  Therefore,  it  is  assumed  that 

P P,,3 a 

't /’I  ni.x  -J 

The  threaded  stvl  joint  in  the  propeller  is  assembled  with  a 
prestrain.  In  order  to  determine  the  force  acting  on  each  stud 
during  service  of  the  flanged  joint  within  the  limits  of  elastic 
deformations,  we  find  the  coefficients  of  stud  and  flange  couple 
rigidity  which  is  equal  to  the  sum  of  rigidities  of  both  the  stud 
and  the  flange,  i.c. , 

CA  fm  I <V  (131) 

The  coefficient  of  stud  rigidity  is  calculated  by  formula  (128) 

When  the  diameter  of  the  stud  varies  along  its  length  lm, 
its  rigidi ly  coefficient  may  be  found  by  formula 


/■’  . “:l  i:  I hiu  ■ J:v, 


hmt 

t kut 


(13?) 


where  l^l(  - length  of  stud  portion  with  the  cross  section  area  F^ u 

In  determining  the  rigidity  coefficient  of  the  flange  it  is 
assumed  that  under  tl'.e  action  of  force  in  the  longitudinal  direction 
of  the  stud,  a uniform  deformation  in  the  cross  section  propagates 
within  "the  cone  of  influence"  (see  Fig.  57).  Then,  the  coefficient 
of  flange  rigidity  is  calculated  with  the  help  of  a more  accurate 
formula 


/ | |/>  ! 


where  D - di nine  ter  of  coutrct  surface  of  i iif-  nut; 

- angle  ’ '•tween  the  stud  axis  and  the  generatrix  of  "the  corn 
of  influence"  (see  ) ' i ; ; . t-7);  if  i uiy  be  assumed  that  tar’ 
e- - O./'i  - 0.1;; 

d - dj under  of  holes  for  studs  in  the  flange; 
o 

K- . - r;  .dull).1;  t«i‘  (0 istird  v of  the  blade  flanfe  ferial. 

i 

With  the  hollo  of  f rrnula  (?'._l)  we  find  the  r;i  g ,i d i t y coefficient 
for  tb.e  (fasti e coij.h  stud-flange  C,. 

Jk 

^>V 

x-  “nJ  ’■'■■■he  ■ 

The  reaction  force-  Q ,,  of  each  elastic  couple  (stud- flange)  is 

equal  to  the  part,  of  operations;]  load  caused  by  the  action  of  that 

portion  of  resultant  overturning  Moment  created  by  external  forces 

M which  is  absorb'd  tv  each  individual  stud.  Force  Q ,,  can  bo 

pc  * pH 

presented,  a;:  can  any  other  force-  in  the  form  of  a product  of  the 

total  rigidity  of  the  elastic  couple  (C^)  o] aments  by  the  araount  of 

deformation  of  part:  i.e.,  Q **  c,. 

To  calculate  these  deformations,  it  is  necessary  to  determine 
the  direction  of  the  "overturning"  axis  of  the  bearing  surface  of 
the  blade  flanfe  which,  pern  rally  speaking,  does  not  coincide  with 
the  axis  and  is  characterised  by  the  angle  and  also  to 


■M-Direction  of  the  X^  axis  coincides  with  the  negative  direction 
of  the  resultant  K 

pe 


determine  the  angle  of  turn  of  the  bearing  surface  (Fig.  60  and  6l). 

Omitting  detailed  discussions,  below  is  the  formula  for  calculating 
angle  op . 


10'u  -- 


(133) 


Auxiliary  calculations  with  the  use  of  this  formula  may  be 
conveniently  presented  in  tabular  form  (Table  1.6). 
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Angle  ><-,  is  calculated  by  formula 


M 

<i.  . I 


(nM 


:bir  for  r.-lcul.'! 

ti  on.; 

i.ith  the-  fe'iu  of 

Forra.jla  ( 

l.u  ^rrs  1 1 J •' 

. i 

i 

i ! 

! . . 1 

V.  > . 

*i  ‘l 

..... 



(Y*.  1 

(0,  : 

V ! 1 

: t 

1 

I 

>: 

_ 

(t.j  see  in  Fig.  6l),  - X1q  sin./.  - Y.,o  cos  ) . 

The  sue;  in  the  dcncciunolor  of  ctsua lion  ) nay  be  also 
calculated  conveniently  in  tabular  Torn  (Tabic  IV). 

The  minim;;;:,  and  r.oinum  value:;  of  <*.,  may  bo  found  v.’ith  the  help 
of  formula  (J/y)  by  substitut • ng  rear.'  ctive  values  of  moments 
.u, | t a*/-, it,’/; 

.If  I | -'»/■,  n.:.i  1 


J,  1-1 

'v  v w 

\-0|»- . 
"X  \ Jo  rt 
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Fig.  60.  Position  of  coordinate  system 


Fig.  61.  Concerning  calculation  of  overturning  angle  <<• 
and  amount  of  deformations  of  the  stud  r-nd 
flange 


Table  1?.  Tabl c for  Calculations  V.’tth  the  Help  of  Forr.nl n ( 1 3lt) 


The  portion  of  working  load  due  the  action  of  the  resultant 
moment  of  external  forces  absorbed  by  each  stud 


Q,,y,  <',dr  r.wr.'l- 

is  calculated  for  all  elastic  couples  (Table  10). 


Table  18.  galenic-!  ion  of  the  Variation  of  Variable  Stress  Range 

1 o r inch  Stud 


Sequ^ntir.l  I 
nunbera  j 

i i 

"■ 

Vm,,,,,, 

'd At,,,.,  - "c 

• ! 

i 

/>  t 

11(1 


¥ 


l • After  calculation  is  completed,  a stud  subjected  to  the  action 

of  load  with  a iviv.  1 mum  fluctuation  (in  vj’t; Lcl»  the  absolute  value  of 
\ the  difference  Q,  v - Q ( .n  is  (’routes!)  and  another  stud  which 

is  subjected  to  ix  evdmum  tension  force  are  selected. 

The  safety  factor  in  respect  to  fatigue  strength  is  determined 
only  for  the  st-u<1  viti.  a maximum  load  fluctuation. 

for  slues  subjected  to  a i- - x i muin  tensile  load  (sign  " + "),  the 
safety  factor  is  tY *. erwined  in  respect  to  the  yield  point  (<T  . ). 

O 

- In  the  asseid-led  structure  the  stud  is  subjected  to  the  action 

\ of  force 


d (Y,  ■:  Q,„ 


where  Q,  - force  of  preliminary  tichtenir^j 
(Q^  - - force  of  residual  tightening; 

Q - operational  load. 

Taking  into  account  centrifugal  force,  the  operational  load 

Qv  < 

maximum  force  absorbed  by  the  stud 
minimum  load  absorbed  by  the  stud 


^**inin  ^l'''hnin  ■ n 


After  this,  the  amplitude  of  the  fluctuating  component  of  the 
load  absorbed  by  the  stud  can  be  determined 


Q„  - 0.5 - - q ,„)  c"<.  ??■»«. 

‘in  ? <di  9 


and  tlie  average  load 


: r«j. 


^Pnnx  f'  Q/ 


Knowing  the  cross  sectional  area  of  the  stud  Fu,  , v:c  obtain 
respective  values  of  stresses:  the  amplitude  of  cyclic  stresses 


f «•  rr-  and  the  average  stress  6'  » - 
a 1 ^ m 1 


m 

iu 


The  safety  coefficient  in  respect  to  fatigue  strength  should  be 
determined  only  for  the  threaded  portion  of  the  stud,  because  stress 
concentration  in  this  portion  is  the  most  dangerous;  for  this  purpose, 
the  following  formula  is  used  » u 

*'«  in’  | , * 

1 i 


lli? 


/I?  9 


W 


where  o' 


■e  0'.j,  - fatigue  limit  of  the  stud  taking  into  consideration  the 
stress  concentration  in  the  threaded  part  of  the  stud. 


For  studs  ma-I?  of  stainless  steel,  it  may  he  assumed  that 

& . , **  3.5  kf’/r  .a , vdiit.  h provides  for  n y2.5. 

••ik  a 

In  ealeu] ;,tii-a  the  safety  cceff icient  for  the  stud  subjected  to 
maximum  tensile  1 cad  it  is  rr  cessniy  <*J so  to  take  into  account  that 
in  addition  to  tensile  stress,  the  maximum  value  of  which 

°»«  ; v,;;  i vi  Q' -»*)• 

there  also  emerge  tangential  stresses  as  a result  of  tightening  V:  Ul 
hi  , , . 

X • The  magnitude  of  the  moment  of  tightening  MUJ  is 

0.?iv 

determined  by  the  following  expression: 


where  o - stress  in  the  stud  caused  by  preliminary  tightening; 

S - thread  pitch; 

d - inner  diameter  of  thread  of  the  stud; 
cp  ’ 

f 1 - friction  coefficient  in  the  thread,  (friction  between 
materials  of  the  nut  and  the  stud,  see  p.  135  of 
original  text). 

Reduced  stress  is  calculated  by  the  formula 

I ' i ;h5, 

and  the  safety  coefficient  in  tension  according  to  the  yield  point 
<? 

will  be  n « s m , For  parts  of  threaded  joints,  the  value  of  n 

Stii  "7 — ^ j t sm 

np 

is  assumed  to  be  larger  than  or  equal  to  1.5  - 2.0. 

The  degree  of  preliminary  tightening  should  also  be  checked 
since  its  loss,  due  to  crumpling  of  surface  irregularities,  may 
lead  to  overload  of  studs  by  cyclic  forces.  The  necessary  degree 
of  tightening  for  the  stud  subjected  to  maximum  loads  is  determined 
Q 

by  the  ratio  p max  ; at  the  same  time,  the  preliminary  tightening 

Q3 

force  should  exceed  the  operating  load  by  a factor  of  2-3. 

The  contact  pressure  on  the  propeller  hub  by  the  contact 

surface  of  the  nut  should  also  be  checked  d 

' r 

'll- 


lii  3 


where  contact-  surfaces  of  the  nut  and  hub  (see  Kip;.  57) 

/ ',  r | j 4\. 

With  the  yield  point  of  the  hub  material  6“  , the  safety  factor 
r>  DC 

vc;c 

in  compression  n *>  — ■ — ; usually  n > 1.3. 

sc  p sc 


RecoruiicS'd' for  using  certain  brands  of  materials  for  the 
elements  of  f 3 ringed  joints  arc  given  in  Section  ?1. 


The  safety  of  ship  navigation  depends  to  a large  extent  on  the 


re3  ifilrilitv  i.f  oroccllei;- 


Therefore  . Ci  <,  ._> 
a 


stficatlon  soe ieties 
<■. 


or 


ri'.ny  eountrie  • regulate  the  strength  end  size  of  studs  for  fastening 
detachable  blr.nos  and  alio  require  fulfill  wont  of  certain  rules  in 
the  design  of  flanged  joints  of  blades  with  the  hub.  Published 
rules  include  calculation  formulae  for  determining  the  mi mmum 
pas ;:ii coible  diameter  of  the  stud  or  its  minimum  permissible  cross 
sectional  arm,  These  formulae  were  obtained  by  making  several 
assumptions  and  simplifications  of  operational  conditions  of 
flanged  joint.;,  within  a propeller  structure.  This  makes  it 
possible  to  simplify  final  expressions  and  make  them  more  convenient 
for  quick  verifying  calculations.  In  deducing  these  formulae, 
statistical  material  based  on  generalization  of  experience  in  manu- 
facturing and  operation  of  propellers  with  detachable  blades  was 
taken  into  consideration,  which  made  it  possible  to  avoid  rough 
miscalculations  during  evaluation  of  stud  strength. 

In  the  rules  of  the  UScR  Register  of  1971,  the  formula  for 
determining  the  minimum  permissible  diameter  of  studs  fastening 
blades  to  the  hub  is  of  the  following  form: 


/1 31 


ft  - ac  | -t">'  mm 

where  e - blade  thickness*  in  the  root  cross  section,  mm; 


(135) 


*ln  the  rules  of  the  Register  the  blade  thickness  is  denoted 

H". 


b - width  of  the  blade  in  the  same  cross  section,  m; 

dyj-  diameter  of  the  circle  on  which  the  studs  arc  located,  m; 

for  other  positions  of  studs  d «=  0.B5  1,  where  1 - distance 
(m)  between  the  most  remote  studs  (Fig.  62); 

tensile  strength  of  blade  material,  kg/mm2; 


r 


? 

6^ ^ - tensile  strength  of  studs  material,  kg/mm  ; 

a - coefficient  the  value  of  which  is  0 , 'jh , 0.30,  or  0.28, 
depending  on  the  number  of  studs  in  the  flange  (3,  I4, 
ami  ?>,  resp-.-e t Ivc-ly)  on  the  f ore; tip.  side  of  the.  blade. 


Fie.  6? . Distance;  between  most  remote  studs 


In  order  to  establish  the  level  of  require-:- nt?  for  t 12  strength 
of  studs  calculated  bp  the  rules  of  Ihe  USFit  kepister,  the  /jrerican 
Bureau  of  Slipping,  Ceiv.an  Lloyd,  ana  the  Japanese  Classification 
Society  Nippon  i.'aigi  Kiel  ai,  the  diameter  of  studs  v.-f.s  determined  for 
r.oj  c than  1*0  various  designs  of  propellers. 


For  comparison  of  Jesuits,  the  average  arithmetic  values  were 
found  for  the  ratio  of  stud  diameter  found  by  respective  fe.jsiulae 
of  foreign  classl fixation  societies  to  the  diameter  found  by  formulae 
of  the  USSR  Register: 


Register  USSR  1.0 

American  Bureau  of  Shipping  0.95 

German  Lloyd  ...............  0.90 

Nippon  Kn.igi  0.97 


A comparison  of  these  data  shown  that  the  difference  in  values 
is  within  105.  'f!.e  rules  of  Norwegian  Veritas  and  British  Lloyd  do 
not  contain  formulae  for  calculating  stud  diameters. 
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Section  1 ! „ Some  Docign  nnd  Knnufnctnrinp  Methods  Providin'* 

•To^  t *iti:  . > l.rcpi*  Lh  o.r  Al> i ii(*  Froxv  12  f >*s 

Selection  cf  dimension::  nnd  design  of  the  elements  of  propellers 
is  bused  on  nor:-.;:  find  reoon./ ondnti ons  compil ed  l.y  the  shipbuilding 
i)i.U  :•  >-ry  union  re  it  pcnsublc  'to  avoid  rough  jo  j seal cul at ions  and 
p re  v ■ i i : for  a reliable  performance  of  nit  ip  propellers. 

Vo  deter.:..;,"  in  a first  approximation  the  diameter  of  * tvds 
or  th  ••>.r  nu:r.et.-'r-  f-.-.r  fastening  detachable  blades,  on  approximate 
formula  derived  by  K.  K.  Nikitin  may  be  used 


,/ 


(it 


(136) 


where  n - number  of  studs  on  the  forcing  side  of  the  blade;  the 
other  designations  arc  the  same  as  those  used  in 
Form. ilae  (13b). 

In  respect  to  design,  the  studs  nr.y  be  broken  down  into  three 
main  types  (lip.  63). 


Fig.  63.  Principal  types  of  studs  (I,  II,  III)  used 
for  fastening  detachable  blades 

The  first  type  of  studs  is  the  least  perfect,  since  when  it  is 
serened  in  as  de«p  as  possible  into  tin:  deadend  hole  in  the  hub,  the 
stud  is  stopped  by  the  ran  off  the  thread  where  the  thread  is 
incomplete  or  crumpling  of  the  thread  or  slight  tears  are  present, 
which  are  extensive  stress  concentrators.  In  addition,  the  body  of 
the  stud  has  a sharp  transition  from  the  threaded  to  cylindrical 
part  which  causes  non~uni.formi.ty  of  the  state  of  stress  nnd 
aggravates  stress  concentration. 


j 
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The  studs  of  the  second  type  with  a shoulder  are  more  perfect. 
The  shoulder  or  collar  creates  moivu]  conditions  of  performance  of 
individu  1 threads  end  is  supposed  to  present  loro  of  the  r.tuo  in 
ease  of  it:;  loonciiiii,..  However , the  collar  dov s not  prevent 
loosening  (if  the  gvud  since  between  the  upper  :;l  .uldvi  of  the 
collar  and  the  bearin'-,  surface  of  the  fj ai.y.c  tie?..  is  always  a 
flip  of  O.j  - 0.3  la-n 
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Fig.  6!,.  Diagram  of  load  distribution  on  the*  thread  of 
different  types  of  studs:  a - studs  of  types 

1 and  j i j b studs  cf  type  .1 1 1. 

1.  force  absorbed  by  the  thread  during  assembling 
of  tii*  stud  in  the  hub;  ?.  total  force  acting  on 
the  thread  during  operation  of  the  ship  propeller. 


In  this  cone,  the  load  is  distributed  between  individual  tlm ads  much 
more  uniformly  (rig.  (h,  b),  since  during  installation  of  the  stud 
the  threads  at  the  lo*/-r  end  of  the  stud  will  be  subjected  to  higher 
loads,  while  under  the  action  of  op-rat  i oral  force  the  upper  threads 
will  be  subjected  to  higher  load.  Under  conditions  of  the  general 
state  of  stress  in  flanged  joints  of  a propeller,  the  loosening  of 
one  stud,  as  a rule,  will  cause  overloading  of  other  studs  and  rapid 


1)j7 
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breakdown  and  a loss-  of  the  whole  b] ado  regard! ess  of  whe thcr  a collar 
is  pro v ■..do d on  th<  stud  or  not.  Therefore , in  selecting  tlio  do  si  gn  of 
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the  length  of  the  threaded  part,  of  t! 
tr.ioknass  of  the  f 1 ruige  under  the  nut 


stud  for  the  nut  and 
lculd  be  no  loss  than  l.Cd. 


To  provide  for  su 
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other-  !cr  under  (ho  a 
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f fie j ent  strength  of  the  flanged  .joint,  the 
13 od  tightly  in  the.  threaded  holes  in  the  hub; 
ction  of  variable  lead,  mutual  slips  rr.y  to. he 
a.L  thr-.n  c.’u  which  will  load  to  a consider; ’ole 
he  tin  o:k;  and  1,o  self  loosening  (S-)» 

ing  unci'.- r ice  conditions,  during  impact  of 
, the  .moment,  which  tries  to  turn  the  blade 
axis,  ir.,y  roach  a magnitude  comparable  with 
shaft  and  exceed  the  moment  of  fraction  forces 
p.e  and  the  bearing  surface;  of  the  hub  (3?). 
s in  the  assembled  propeller  are  absorbing 
aggrav  a bos  the  tendency  of  the  studs  to  self 
re  loosened,  the  load  becomes  of  a dynamic 


character  and  the  joint  will  break  clown. 


From  the?  experience  of  general  machine  building,  it  is  known 
that  the  strength  of  the  studs  or  bolts  which  fasten  blades  may  be 
enhanced  under  the  ration  of  variable  loads  by  roller  burnishing  of 
studs,  bolts,  and  their  thread. 

With  the  proper  rates  arid  by  using  even  the  simplest  technology, 
the  fatigue  strength  of  stud  materiel  may  be  increased  by  approximately 
30/1  as  compared  with  that  before  roller  burnishing. 

However,  it  should  be  noted  that  this  manufacturing  process  until 
now  has  not  been  used  for  assfcmbled  propellers  with  a constant  pitch. 


6 
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The  design  cf  flanges  of  detachable  propeller  blades  has  a 
considerable  effect  on  the  propeller  strength.  Bearing  surfaces 
of  the  bl ad<*  flange  and  the  ln.b  exert  considerable  pressure  against 
each  other  during  tightening  of  nuts.  In  order  to  exclude  the  /13r> 

possibility  of  loosening  after  preliminary  tightening  of  the  joint, 
which  : riy  be  caused  by  plastic  dei'ornat.ions  of  surface  irrogularj  ties, 
the  cent;  ct  of  bear  in.;  surfaces  must  bo  tight.  Therefore  contact 
surfaces  should  bo  scraped  with  a number  of  sj-ots,  no  less  than  two 
on  an  area  of  2.1;  X ?tlj  cm?. 


There  is  experience  in  machining  ibe  contact  surfaces 
flanges  and  propel! or  hubs  of  the  atomic  ice  bleaker  "Lenii 
manual  finishing)  with  a very  high  surface  finish  of  class 


of  blade 
" (without 
7 (<7  7) 


and  simul  taneous  luoncction  of  surface  flatness  with 


tolerance  of 


0.03  tri.-i  deviation  from  flatness  in  direction  of  concavity  on  the 
length  of  one  meter.  However,  because  of  the  complexity  of  inspec- 
tion, this  method  did  not  receive  wide  use. 


Nuts  for  fastening  propeller  blades  arc  always  made  in  the  form 
of  a screw  cap  in  order  to  protect  the  screw  joint  from  water. 
Controlled  tightening  of  nuts  is  especially  important  for  enhancing 
the  strength  of  blade  joints  in  assembled  propellers.  Analysis  of 
the  causes  of  propeller  breakdowns  showed  that  the  main  causes  of 
stud  failure  were  insufficient,  excessive  or,  which  i,s  particularly 
dangerous,  non-uniform  tightening  of  nuts.  The  degree  of  tightness 
is  controlled  by  the  wrench  torque  or  by  the  angle  of  nut  turn. 


To  determine  the  torsional  moment  on  the  wrench,  a known 
formula  may  be  used: 


Ah 


. r - Q, d];'  t«  (.;•  -i  (O  r /<?, ,P  kg 

1 .»  /)  — ,!-  L> 
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where  - force  of  preliminary  tightening,  kg; 

d - mean  thread  diameter,  m; 
cp  7 

Y - angle  of  lead  of  thread  helix,  degrees; 

where  S - thread  pitch,  m?n ; 
p:  ard^; - 1 a > reduced  friction  angle,  degrees; 

CO* 

2 

f"-  friction  coefficient  in  the  thread; 
cA,  - angle  of  thread,  degrees; 


Ht9 


W 
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f - coefficient  of  friction  between  face  of  tin-  nut  mid 
the  blade* 
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where  <•  - blade  ihiolmcss  in  the  root  crocs  section,  cmj 

b - blade  widt.ii  in  the  same  cross  section,  m; 

duJ»  diameter  of  the  circle  on  which  craters  of  studs  are 

located,  cm;  with  the  ether  locations  of  studs  d ,u  ~ 0.65  1, 
whore  1 - distance  between  most  re: :ot«  studs: 

n - number  of  studs  on  the  forcing  side  of  tho  blade; 

- cuter  dianeler  of  the  stud  thread , cm; 

6,  - tensile  strength  of  the  blade  material,  kg/m:;-, 

o 

Since  nuts  are  usually  made  of  material  with  lover  tensile 
strength  a.;  compared  with  material  used  for  studs,  it  is  recommended 
to  perform  a verifying  strength  calculation  of  the  nut  thread  in 
shear  (6);  it  is  necessary  that-  the  following  expression  should  hold 


/ t!:r, 

_ ||  •».)  ■;  i mu  i . 

T<-  ,///,  ' 


(13?) 


where  k„  * 2 - coefficient  of  lord  for  heavy  thread  with  a number 

of  threads  along  the  nut  height  nf -6; 

k.,  **  3 - for  fine  thread  with  a number  of  threads  along  tho 

nut  height  nf  ~10; 

d.j  - outer  diameter  of  the  stud  thread,  mm; 

Hr  - height  of  the  threaded  part  of  the  nut,  min; 

6 - yio.ld  point  of  the  stud  material,  kg/m  ?■', 

S U« 

(*0,  )«0.i-i<V.  - permissible  shearing  stress  for  the  material  of 

the  nut,  kg/ ram . 
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Section  IB.  Strength  C.--1  c r,j;.l ) ori  of  A ss-  nib! fd  lYonil Icrs 
i>c  c oi'  hi-'1-:  i.i.f.;;  ” ” 

Plus  tie  propel  1 f rs  may  be  d.-.si  gned  /--a  sol  id  or  assembled* 

St  to  calc  u-:  t icn  of  such  propel  "I  comprises  calculate  os. 
01  blade  strength  (for  a olid  prop  .•Hero)  and  calculi  Hen  of  general 
b.l  r.dc  a !.■•■•  - t,h  roi  l j. twnf.th  of  ih-  blade  joint  vitr.  tbo  hub  (for 
as:  amble  propel lor::  ) , 

Itrc.uy.ih  calei.0 at  Aon  of  plus  tie  blade.-.  iv<  performed  in  the 
it;  don-:  for  metal  blade;.;  according  to  the  irthr  ’ 

In  Chapter  i.  Jlovrovor,  proportion  of  pis  a tic  a ru 

fro;.-:  those  of  metals  ct/i  <ics5  i/.n  of  plastic  propel 

none  for  tin  e;:  from  that  of  i-tc.tr  1 p. o poller r-.  and 
strength  caleulaticnr.  as  veil. 

In  respect  to  strength  properties,  plastics  differ  from  metal:; 
in  the  following; 
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widv-r  variation  of  rrohnnif nl  properties  which  depend 
extensively  cn  their  r: mefaci urine  technology,  complex  structure 
of  material,  and  other  factors; 

anisotropy  of  mechanical  properties  of  reinforced  plastics;  /137 


dcpri  ’ecoc  of  strength  of  plastics  in  a structure  on  the 
effect  of  tb.:  surrounding  medium,  character  of  state  of  stress, 
and  other  factors. 

Therefore,  taking  into  account  special  features  of  synthetic 
materials,  permissible  stresses  should  be  determined  by  the  fol lot-t- 
ine fornula: 


where  (<5*. ) - permissible  stress  for  propeller  blade  material  at 
1 nominal,  regime; 

6ik  ” I,U5Xir,URl  design  stress  in  material  of  the  structure; 

n^  - safety  strength  factor,  which  depends  on  the  design 
(nominal)  regime. 

Engineer  K.  P.  Sidorov  suggests  any  of  the  following  regimes  as 
a design  regime  for  plastic  propellers: 


regime  of  static  lord  of  long  duration  which  corresponds  to 
specifications  for  ship  exploitation  (usually  uss.-d  in  calculations 
of  s t a tic  r; . ivrgtk ) ; 

rep. in*.,  of  cyclic  ap  die nt.jor  of  load,  stipulated  hy  non- 
uniformity  o"  the  velocity  field  in  the  prop  1 l<  r disk  (r.vujly 
in  cyclic  $ Irtng&h  ca'1  cel r.  Lions  for  a sing!  s-si.af  i ships); 

roc > of  short  d*.w,  i'.uii  ovcrJfi-o:  revt  rso,  r siivuvoriiifij 

col  1 isior.,  etc. 

In  those  coses*  th.  !*•  gpitvd  • of  ihc  rr.e.im  t stress  in  the* 
propeller  {si-*  ue  sure  is  c;  l*.:..j'Jatcd  iy  on-  cf  thr:  foilov;i.-’f  formulae : 

<SI 

(l  II  . 

a uf;  AAMyo,,, 

vhrre  o'  - strength  of  Plastic  mate. vial  in  static  bend. nr 

of  si  a sen  re  *:  reel  mens  in  re  erect  to  the  base* 
lf/...*':  (Table  If); 

h jV..  jk.,,!:,  j,k  . SY.  - coefficients  iabin*;  into  account  the  effe  ct 

of  various  f.  ctera  on  strength  chf  ra.ctcri sties 
of  pressure-::.  > l.c-cd  material  in  manufactured 
par  Is  ( Y ;..!>!  c 1 0 } , 

The  s-tre  -.th  safety  c,>- efficient,  is  also  : elected  in  rerpect  to 
the  design  role  charge U ris tie  of  the  operat 5 onel  conditions  of 
propellers 


« i '!„»,• 


»0 


where  n « 2.0  coefficient  talc  in  {;  into  account  an  increase  in 
P the  load  on  propeller  blades  during  reverse; 

n « 1.3  ••  coefficient  taking  into  account  the  load 
l'  increase  faring  operation  on  the  mooring  regime; 
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Technologies.!  1‘:  otor 


Stole  factor 
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NOTE:  1.  Coefficients  kT«  k..,  k,,  k,  - given  for  static  lonO. 

2.  t siv.i  U - service  life  of  the  opeciwenj  U - section 
rnodolu::  of  the  specimen. 


n,,  *•  1.5»  - cooiTitvi c-iit  taking  into  account  noR-un^.fomJ t-y  of 
tl:  • ler-c  on  l» during  on-'  rb-voLuVn-:i  of  the 
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n ,/  3 .6  ~ v;  ;-j::i!on«:3  co-efficient,  taking  into  -v  count  the 
in  .,!  ' i i t y of  : fi-.  ngih  ri-  .v.-iclej v-  tie.-i  of 
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According  to  loot  data,  the  yield  point  <f  »-  0.3  O'*  *--'1300  kg/cn, 

S C «-o 

depending  on  Die  type  of  pressure  -Molded  r.e t/.  riel. 

I»- 1. 1 ns ceenf  5\v  for  c.-lcvl  a ti  on  of  force  » and  stresses  in  the 
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Tro;, eller  diameter,  m ..............  D 

Propeller  pitch  at  r rj  0.6.'j,  in  . . . n 

Member  of  blade c .................  Z 

Thrust  of  propel  del,  kg  .............  P 

Tangential  force,  kg T 


Fig.  66.  Diagram  of  r nr  lions  in  the  blade- hub  joint, 

which  e:iit rg.e  wrier  the  a<; lion  of  ciacinrJ  forces. 
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Substituting  the*  value  of  K in  expression  (lM)  by  Kc  and  the 
positive  i*oo  1.  x,  ;!o  cbt nin  tin*  sought  v^luo  of  po.rojr.cior  x which 
detorr.ir.o-i:  the  noco.,:-:*.-  mininm  / e-mx  ions  of  d()  end  h,  which 
provide  for  trie  !?tru!."bh  of  the  joint  being  designed. 

The  vrlv.e  of  pi  redos  j bit  too  fret  press  in  o in  assembling  a 
propel]  o..-,  taking  into  consideration  the  above  assumptions,  is 
(p)  * 0.143  <T  ♦ 

o C 

The  interference  (necessary  for  blind  holes  of  small  depths) 
is  ricterrdnrd  by  formula  (lhO)  also  with  C «*  O.J>,  while  the 

necessary  temperature  of  cooling  is  determined  by  equation  (lijl). 


Pdl.LlCGHAPHY 


n 


1. 


Aravin, 

lrojjcllc 


I1.  Kc-vj  Muter i.H ;;  and  Technology  of  C-, sting  Msi-ino 
, .1,  , >i:dof; Iroyc j ■ i ye- " , 1 5/7.1.,  Hu.  1C. 


2,  Hukshi,  1'.),  V.  Loven.ft\!  ’d,  Yc.  G.,  husetskiy,  A.  A. 
Grcbijyye  vinly  regul ir uyenogo  shaga  (Controllable  Filch 
Propellers),  Leningrad,  ''Sudprorugiz"  Publishing  House,  15/61. 


3.  Basin,  A,  K.,  Kiniovich,  I.  Ya.  Teoriya  i raschet  grebnykh 

vintov  (Theory  and  Calculation  of  Marine  Propellers),  Leningrad, 
"Sudpromgiz"  Publishing  House,  1963. 

b.  Belyayev,  V.  A,  Ob  udare  tverdogo  tela  o lopast'  grebnogo 
vinta  (Concerning  Impact  of  a Solid  Object  Against  a 
Propeller  Blade)  IN:  Trudy  A.  A.  Zhdadov  Gor'kiy  Polytechnic 
Institute,  v.  ll:,  no.  1,  1958. 

5.  Boroday,  I.  K.,  Netsvetayev,  Yu.  A.  Kachka  sudov  na  morskom 
volnenii  (Pitching  and  Rolling  of  Ships  on  Rough  Seas), 
Leningrad,  "Sudostroyeniye",  1969. 

6.  Georgiyevskaya,  Ye.  P.  Kavitatsionnaya  eroziya  grebnykh 
vintov  i metody  bor'by  s ney  (Cavitation  Erosion  of 
Propellers  and  Methods  Of  Its  Prevention),  Leningrad, 
"Sudostroyeniye",  1970. 


7.  Goldsmit,  V.  Udar.  Teoriya  i fizicheskiye  svoystva 
soudaryayemykh  tel  (Impact.  Theory  and  Physical  Properties 
of  Colliding  Bodies),  Moscow,  "Stroyizdat"  Publishing 
House,  1965. 

8.  Dmitriyev,  V.  A.  et  al.  Theoriya  mekhanizmov  i mashin,  detali 
mashin  i pod'yemno-transportnyye  mashiny  (Theory  of  Mechanisms 
and  Machines,  Parts  of  Machines  and  Lifting  and  Transport  Equip- 
ment), "Rechnoy  Transport"  Publishing  House,  1963. 

9.  Dobrovol'skiy,  V.  A.  Detali  mashin  (Parts  of  Machines),  7th 
edition.  State  Publishing  House  of  Technical  Literature, 

Ukr.  SSR,  19514 . 

10.  Zhuchenko,  M.  M.,  Ivanov,  V.  M.  Sudovyye  dvizhitel  (Ship 
Propellers),  Leningrad,  "Gudpromigiz",  1956, 

11.  Ivanova,  V.  S.  Ustalostnoye  razrusheniye  metallov  (Fatigue 
Failure  of  Metals),  State  Scientific-Research  Publishing 
House  of  Literature  on  Ferrous  and  Non-Ferrous  Metallurgy, 

1963. 


165 


12 


» Igns  s'./ev,  M.  A,  Grebnyyo  vinty  sudov  ledovogo  plnvaniya 
(Irop  oilers  of  Ships  foi  i.'av igation  In  Jcc),  Leningrad, 

"Swio:  ti  oyoii'-yc",  1566. 

13.  KcbncMnskiy,  K,  !i.,  Solov'ycv,  S.  A.  Zadac-hi  cprcdoleniyr 
napryarhoniy  v gvebnorr,  va’lu  i grebnom  vinte  pri  udnre  yc[;o 
lopasti  o tverdyy  prednet  (Problems  of  Determining  Stresses 
in  Propeller  Shaft  and  Propeller  Daring  Impact  of  its  Blade 
Again  .t  a Solid  Gbject).  In:  Trudy  A.  A.  Zhdanov  Gor'kiy 

Polytechnic  Institute,  v.  9,  no.  U,  1956. 

lh.  Kartyshev,  A.  V,  Grebnyye  vinty  iz  chromamargantsevoy  stali 
(Propellers  Made  of  Chromium-Manganeze  Steel),  Leningrad, 
"Sudostroyeniye",  1969. 

15.  Katsman,  F.  M.,  Kudrevatyy,  G.  M.  Konstruirovaniyc  vinto- 
rulevykh  komplexov  morskikh  sudov  (Design  of  Rudder- 
Propeller  Units  of  Sea-Going  Ships),  Leningrad,  "Sudpromgiz", 

1963. 

16.  Katsman,  F.  M. , Pustoshnyy,  A.  F.,  Shtumpf,  V.  M. 

Propul 1 sivnyye  kachestva  morskikh  sudov  (Propulsive 
Features  of  Sea-Going  Ships),  Leningrad,  "Sudostroyeniye", 

1972. 

17.  Kravchenko,  P.  Ye.  Ustalostnaya  prochnost'  (Fatigue  Strength), 
Moscow,  "Vysshaya  Shkola"  Publishing  House,  I960. 

18.  Lavrent'yev,  V.  M.  Sudovyye  dvizhiteli  (Ship  Propellers), 

"Morskoy  Transport"  Publishing  House,  19 li9. 

19.  Lipis,  V.  B.  K raschetu  po  vikhrevoy  teorii  deystviya  grebnogo 

vinta  pri  kachke  eudna  (Concerning  Calculation  of  the  Propeller 
Action  During  Rolling  and  Pitching  of  the  Ship  Using  Vortex 
Theory).  IN:  Trudy:  TsNIIMF,  no.  72,  1966. 

20.  Miniovich,  I.  Ya.  Vliyaniye  kachki  korablya  na  gidrodinamichcskiye 
kharakteristiki  grebnykh  vintov  (Effect  of  Pitching  end  Rolling 

of  the  Ship  on  Hydrodynamic  Characteristics  of  Propellers). 
"Sudostroyeniye",  no.  5,  191:9. 

21.  Nikitin,  M.  N.  Reliability  of  Fastening  Detachable  Propeller 
Blades.  "Morskoy  Flot",  no.  3,  1970. 

22.  Oding,  I.  A.  Dopuskayemyye  nnpryazheniyn  v mashinostroyenii  i 
tsiklichesknya  prochnost'  metallov  (Permissible  Stresses  in 
Machine  Building  and  Cyclic  Strength  of  Metals).  Moscow, 

GNTI,  1962. 


/162 


]66 


I 


23. 


Papir,  i:.  Osevyye  no rosy  vodow.t.n.vPh  dvizhi  tel.-y  (Axial 
i’urcps  of  !»■.'-  i • r— Jc  L I rcj  ul  Lcrs).  Li  Mrgrad,  "Sudoa  1 roy «ni  ye " , 
3 3'o-) , 


2li. 


1 0 * . C-)  1L*  l i 0.'\ y 1«  ti  • 

and  Ice  Technics), 
House,  1967. 


Lcdovcdeniyc  :i  1 cdotekhnika  (Ice  Science 
Leningrad,  rG3druuotcoizdatM  Publishing 


25.  Rozhkov,  L.  P.,  Sidorov,  N.  P.  Selection  and  Calculation  of 
Joints  in  Propellers  »Jith  Detachable  Plastic  Hades. 
Technologiyn  sudostroy'-niya,  no.  8,  I96I1. 

26.  Romanov,  V.  V.  Vliyaniye  korrozionnoy  sredy  na  tsiklicheskiyu 
prochnost1  metallov  (Effect  of  Corrosive  Medium  on  Cyclic 
Strength  of  Metals).  Koscow-Leningrad,  "Nauka"  Publishing 
House,  1969. 


27.  Rokhlin,  A.  G.  Konicheskiye  pressovye  posadki  grebnykh  vintov 
i muft  (Conical  Press  Fits  of  Propellers  and  Couplings), 
Leningrad,  "Sudpromigiz",  i960. 


28.  Rusetskiy,  A.  A.,  Zhuchenko.  M.  M.,  Dubrovin,  0.  V.  Sudovyye 

dvizhiteli  (Ship  Propellers;,  Leningrad,  "Sudostroyeniye",  1971. 


29.  Rusetskiy,  A.  A.  Gidrodinamika  vinta  reguliruyemogo  shaga 
(Hydrodynamics  of  Controllable-Pitch  Propeller).  Leningrad, 
"Sudostroyeniye",  1968. 

30.  Sokolov,  N.  N.,  Lazarenko,  S.  P. , Zhuravlev,  V.  I.  Grebnye 
vinty  iz  alyvminiyevoy  bronzy  (Propellers  Made  of  Aluminum 
Bi’onze).  Leningrad,  "Sudostroyeniye"  1971. 


31.  Sokolov,  N.  K.,  Rozen,  M.  P.  Grebnyye  vinty  iz  nerzhaveyushchey 
stali  (Stainless  Steel  Propellers).  Leningrad,  "Sudpromgiz", 
I960. 


32.  Yckonovskiy,  S.  V.  External  Forces  Acting  on  a Propeller  Blade 
During  Navigation  in  Ice  and  Their  Dependence  on  Geometrical 
and  Kinematic  Parameters  of  the  Propeller.  IK:  Knterialy  po 

obmenu  proizvodutvenno-tckhnicheskim  opytom  procktirovaniya 
norskikh  sudov  (Materials  on  Exchange  of  Industrial  and 
Technical  Experience  in  Design  of  Sea-Worthy  Ships),  no.  3> 
Leningrad,  "sudostroyeniye",  1967. 


3 


j 


167 


33. 

Takonovr 

/'  iY 

, S.  V 

. 0 

vnesh.iikh 

si lakh 

do  v; 

tvuyushchi  Hi  r;a 

lo;  a: l 1 

<■ 

bnego 

V -'id 

•1  pri  ud'  T!-. 

0 led 

(C01 

corning  External 

For ecu  A 

.•t; 

on 

Lhr. 

Pr-jpol  1 <J 1 

1 ado  Be 

Pi**. 

impact  Against 

Ice).  1 

>• , 

later.; 

i j • , 

ori  Ext-} 

of  Ex; 

cr.:  f 

neo.  Trudy 

NTO  Si', 

no. 

62,  1 

96), . 

3)i. 

Register 

of 

trie  U 

Praviln  k 

lassifi 

t.C-  ol 

ii  i posH'oyki 

raorskikh 

Mi 

iov  (i\ 

'.lies 

for  Class! 

ficatio 

n arj 

d Building  of 

Sca-Goin 

r,  5 

dps), 

Par 

L 9,  Moscow 

-Lening 

red, 

"Transport" 

Publish ‘id,;  House,  1967. 

35.  Chirila,  J.  V.  D:i nami sche  Bcanspruchung  von  Propellcrflugeln 
auf  dem  Motorschiff  "Pekari"  Schiff  und  ilai'en,  1970,  no.  3. 

36.  Gutshc,  F.  Untersuchung  von  Sohiffsschrauben  in  Schrager 
Anstromung  Schiff bauforschung,  Heft  3/ii,  196h. 

37.  Hadler,  J,  B.,  Cheng,  H.  M.  Analysis  of  Experimental  Wake 
Data  in  Way  of  Propeller  Plane  of  Single  and  Twin-Screw  Ship 
Models.  Transactions  SNAKE,  vol.  73,  1965. 

3B.  Keyser,  R.  and  Arnoldus,  W.  Strength  Calculation  of  Marine 

Propellers,  International  Shipbuilding  Progress,  1959,  no.  53. 

39.  Minsaas,  K.  J.  Propcliteori,  Skipmodelltanken  Norge s Tekniske^ 
Hogskole  Trondheim,  Skipsmodelltankens  Keddelelse,  1967,  no.  96. 

110,  Obcrembt,  H.  Zur  Bestinmung  der  instationaren  Flugelkrafte  bei 
einem  Propeller  mit  aus  dem  wasser  herausschlagenden  Flugeln. 
Shiffstecbnik,  Kay  1970, 

111,  Romsom,  J.  Propeller  Strength  Calculation.  The  Marine  Engineer 
and  Naval  Architect,  1952,  no,  2-3. 

[i2.  Rosingh,  W.  H.  C.  E.  Hoogbelaste  Scheepsschroeven  Sponningsmetin- 
gen  en  sterkteberekcning.  Ship  en  Kerf,  19W-I,  no.  11;  19li5»  no. 12. 

h3,  S ontvedt..  Propeller  induced  exitati.on  forces.  Norske  Veritas, 
Classification  and  Registry  of  Shipping,  Publication,  January 

1971,  no.  Yit. 

hh.  Taylor,  D.  W.  The  speed  and  power  of  Ships.  Washington,  D.  C., 
1933. 

Ii5.  Wereldsma,  R.  Stress  measurements  on  a propeller  blade  of  a 
ii0,000  ton  tanker  on  full  scale.  International  Shipbuilding 
Progress,  January  1961. 


165 


